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Abstract
Spectroscopic transmission radiography using MeV-class radiation is a powerful method
for identifying the elemental composition of dense objects. This method has been used
extensively in nuclear nonproliferation, nuclear safeguards, and nuclear security applica-
tions that employ active interrogation (AI). Of particular interest is the identification of
special nuclear material (SNM) which relies on a characteristic signature such as energy-
dependent transmission or the emission of delayed radiation unique to the fission process
that occurs in SNM. Neither fast-neutron nor photon probes are universally applicable,
as each suffers from poor penetrability at one extreme of the atomic number spectrum.
While dual-energy photon radiography is adequate for the measurement of materials
from low to moderate atomic numbers, its discrimination performance quickly diminishes
at high atomic numbers, leading to poor contrast between elements such as lead and
uranium. Further, transmission radiography is not sufficient to confirm or exclude the
presence of SNM. More information about the interrogated material may be revealed if
two primary measurement modes offered by AI (spectroscopic transmission radiography
and the detection of fission signatures) commonly used independently are integrated.
This dissertation combines these sources of information to characterize the elemental
composition with improved accuracy and to indicate the presence of fissile material.
In previous work, we demonstrated a method based on the 11B(d,nγ)12C reaction that
uses photon transmission spectroscopic signatures to deduce certain material properties.
The deuteron-induced stripping reaction on 11B produces two prominent gamma-ray ener-
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gies (4.4 and 15.1 MeV) from the decay of the excited product nucleus, 12C. Additionally,
multiple quasi-monoenergetic neutrons are produced, with their energies governed by the
reaction kinematics, specifically the incident deuteron energy and neutron emission angle.
In this work, gamma rays and neutrons were detected with an organic liquid scintillator,
which possesses the ability to discriminate between neutrons and photons. The relative
attenuation at two prominent gamma-ray energies was used to simultaneously measure
the aerial density and effective atomic number of materials spanning atomic numbers
from thirteen to ninety-two. This was accomplished by measuring the light output distri-
butions of the unattenuated and attenuated gamma rays and isolating the contributions
of the gamma rays at specific energies.
Material identification by transmission radiography was then investigated using a
combination of neutrons and gamma rays produced by nuclear reactions induced by a
deuteron incident on a boron nitride target. The neutron time-of-flight technique was
employed to measure the transmission over a broad range of neutron energies and is com-
bined with spectroscopic photon transmission to provide a more accurate measurement
of elemental composition. It is shown that the buildup and decay of delayed-neutron
emission can be used not only detect the presence of fissionable material, but also to
further distinguish among various uranium isotopes and infer the uranium enrichment
level. This work demonstrates the first use of a single multi-particle, multi-energy source
with a single type of detector to perform neutron and photon radiography simultaneously
and distinguish between uranium isotopes based on the long-lived delayed neutron decay
and buildup rates.
xvi
Chapter 1
Detecting special nuclear material
1.1 Introduction
Detection of SNM remains one of the greatest challenges facing the nuclear security
and nonproliferation community, where small signal-to-background ratios and complex
geometries lead to challenging measurement scenarios. AI has attracted increasing in-
terest in recent years because it can enhance the strength of the fission signature and
penetrate dense shielding. Monoenergetic or near-monoenergetic AI sources may offer
additional benefits, such as improved performance in radiography and higher fission rates
per unit of radiation dose [1]. Low-energy nuclear reactions represent a promising quasi-
monoenergetic AI source. Such sources could help to construct low-dose, small-footprint
systems, which could be used to detect illicit movement of SNM as well as support a broad
range of measurements in the area of nuclear security and nuclear nonproliferation.
This dissertation presents a multifaceted AI methodology that applies to many nu-
clear nonproliferation and nuclear security applications. The methodology can be used in
its entirety, or an individual component can be utilized for specific applications. To infer
material properties of an unknown object, the system uses two primary AI signatures:
radiography and the detection of a fission signature. Neutron and photon spectroscopic
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transmission are used in tandem to perform material identification. Transmission radiog-
raphy alone, however, is not sufficient to confirm or exclude the presence of SNM. Further
material identification is performed by measuring the fission signature. Specifically, the
delayed neutron signature is measured to determine uranium enrichment. Figure 1.1
shows the steps and different decision points of the methodology.
Figure 1.1: Overview of the steps in the presented methodology leading to the verification
of the presence of fissionable material and uranium enrichment determination. The nu-
clear weapon shown in the diagram is a photograph of the uranium-based nuclear bomb
(“Little Boy”) dropped on the Japanese city of Hiroshima in 1945 during World War II.
1.2 Nuclear nonproliferation and security
The world has been engaged in an uphill battle to control the use and prevent the pro-
liferation of atomic weapons from the fateful first use of atomic energy to bring World
War II to a quicker end in 1945. The cries for a world without nuclear weapons can be
traced as far back to 1953 in President Eisenhower’s “Atoms for Peace” speech, when he
drew attention to the “fearful atomic dilemma” and called for the eventual elimination
of nuclear materials for military purposes [2]. Despite his efforts, since 1953 the num-
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ber of states that possess nuclear capability has increased to a total of nine: the United
States, the United Kingdom, France, Israel, Pakistan, India, Russia, China, and North
Korea [3]. In the United States alone there is an estimated stockpile of 4,000 nuclear
warheads and appears to be a shift towards a US military strategy that is more reliant
on nuclear weapons [4]. Dr. Martin Luther King said, “The best way to solve a problem
is to remove its cause.” However, as long as nuclear weapons and the SNM needed to
construct them exist and state policies support their use, the grave threat of nuclear
proliferation and terrorism will remain.
The devastating attacks on September 11, 2001, have resulted in heightened security
related to terrorist attacks and an escalated awareness surrounding the remote possibility
of a terrorist-type nuclear attack. Despite the low probability, the effects of a nuclear
terrorist attack anywhere in the world would have catastrophic consequences with rever-
berating international economic and psychological impact [5, 6]. The most challenging
part of developing a nuclear weapon is obtaining the necessary nuclear material. By ade-
quately securing existing SNM and inhibiting its illicit transport, the first step in building
a nuclear weapon is made more difficult. The development and application of novel tech-
nologies and techniques that can be used to improve the ability to detect undeclared
nuclear material and activities are needed to strengthen global nuclear nonproliferation
capabilities.
A significant nonproliferation concern is the screening and interdiction of shielded
SNM, which includes cargo containers, even smaller objects, and movement of illicit
materials into and out of enrichment facilities [1, 7, 8]. Before the attack on the World
Trade Center, approximately 2% of sea containers entering in the U.S. were scanned.
Smuggling illicit cargo in normal shipping containers is not inconceivable, nor is it a new
concept. Drug dealers, crime syndicates, and contraband traders have long been using
sea-going containers as vehicles for illegal activity [9]. The potential impact caused by
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smuggling illegal tobacco, however, pales in comparison when juxtaposed to a nuclear
weapon.
Over several million ocean cargo containers land at U.S. seaports yearly [10–12]. In
2006, the United States passed the SAFE (Security and Accountability for Every) Port
Act that deemed it necessary to scan 100% of these containers [13]. There has been
much debate on whether this coverage of scanning is feasible or, for that matter, useful.
Achieving 100% scanning raises serious practicality concerns based on the sheer volume
of cargo passing through U.S. ports. The distribution of incoming containers is heavily
concentrated at three ports, Los Angeles, Long Beach, and New York, at roughly 58% [10].
Taking a closer look at New York, 6,500 to 13,000 containers arrive daily [14]. Assuming
an average number of containers per day and a 24-hour workday, the scanning rate
needed for a 100% clearance would be 6.8 containers per minute. The high volume of
containers that would need to be scanned to meet the requirements of the SAFE Port
Act combined with the negative impact it would have on international commerce through
delays and added costs makes the requirement too cumbersome to achieve and unlikely
to be implemented under current circumstances. Although significant advances have
been made, the current technology is just not capable of 100% clearance [11]. New and
innovative detection capabilities and techniques are needed to help overcome the current
limitations.
The ability to differentiate among different fissionable elements and isotopes is im-
portant for many nuclear non-proliferation applications. For example, material account-
ing in fuel canisters residing in enrichment facilities and verification of nuclear weapon
dismantlement depends on measuring the isotopic fractions of 235U and 238U [15, 16].
Conventional nondestructive techniques for measuring uranium enrichment rely on the
measurement of the ratio of emission of spontaneous, intrinsic gamma rays from 235U
and 238U [17–19]. Because of the energy-dependent attenuation of the gamma-ray flux
4
incident on the detector from external shielding as well as self-shielding in the uranium,
prior knowledge or assumptions are required for the geometry and characteristics of the
sample and the shielding. New, more versatile enrichment determination techniques are
required to meet the demanding nuclear nonproliferation and security environment.
1.3 Passive detection
“SNM” is defined by Title I of the Atomic Energy Act of 1954 as mainly plutonium
or uranium enriched in the isotopes with atomic weight 233 or 235. Passive detection
of SNM relies on spontaneous radioactive decay and results in a relatively small signal-
to-background ratio. In many cases, passive measurements are easily confounded by
shielding from common materials and compete with large, changing radioactive back-
grounds [20]. Only highly penetrating radiation, such as neutrons and high-energy pho-
tons, is suitable for detecting SNM. Other radiation such as alpha- and beta-particles
are easily stopped by the material itself or the air surrounding the material. The pas-
sive signatures of two fissile materials, weapons grade uranium (WGU) and weapons
grade plutonium (WGPu) are considered, as these are the two primary materials used in
United States and Russian warheads. WGU is uranium enriched >90% 235U, and WGPu
typically contains >93% 239Pu.
Highly enriched uranium (HEU) spontaneously emits relatively intense but low-energy
photons. Table 1.1 lists photon energies and intensities from the spontaneous radioactive
decay of uranium isotopes of interest for nuclear security and nonproliferation applica-
tions. The intensity of neutrons emitted spontaneously from HEU is small due to the
relatively low-rate of spontaneous fission. These neutrons are easily shielded by low-Z
material. Table 1.2 shows neutron activities and spontaneous fission neutron yields for
particular uranium isotopes of interest.
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Table 1.1: Photon energies and activities of uranium isotopes for passive detection [21]
Isotope Energy (keV) Activity ( γ
g−s)
234U 120.9 9.35× 104
235U 143.8 8.40× 103
185.7 4.32× 104
238U 766.4 2.57× 101
1001.0 7.34× 101
Table 1.2: Neutron activities and yields of uranium isotopes for passive detection [21].
Isotope Activity ( n
g−s) Multiplicity (ν)
234U 13,000 1.81
235U 0.299 1.86
238U 13.6 2.01× 101
WGPu, conversely, spontaneously emits a large number of neutrons and high-energy
photons from short-lived fission products and neutron capture events in the surrounding
material [22]. Plutonium produces higher energy photons (>3 MeV) and a measurable
yield of a 2.2-MeV photons from neutron capture on hydrogen in surrounding mate-
rial. Table 1.3 lists important photon energies and activities associated with plutonium
isotopes used for SNM detection.
Table 1.3: Photon energies and activities of plutonium isotopes for passive detection [21].
Isotope Energy (keV) Activity ( γ
g−s)
238Pu 152.7 5.90× 106
1.387 5.90× 105
239Pu 129.3 1.436× 105
413.7 3.416× 104
240Pu 45.2 3.80× 106
160.3 3.37× 104
642.5 1.044× 103
241Pu 148.6 7.15× 106
208.0 2.041× 107
WGPu possesses a significant spontaneous fission rate resulting in emission of ap-
proximately 5.6× 104 n/kg/s. These neutrons are mostly from isotopic impurities in the
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material such as 238Pu, 240Pu, and 242Pu. Table 1.4 shows the activities and neutron
multiplicities for individual plutonium isotopes.
Table 1.4: Neutron activities and multiplicities of plutonium isotopes for passive detection
[21].
Isotope Activity ( ng−s) Multiplicity (ν)
238Pu 2.59× 106 2.21
239Pu 21.8 2.16
240Pu 1.20× 106 2.16
242Pu 1.72× 106 2.15
Table 1.5 lists photon rates on the surface of four representative nuclear weapon de-
signs. The hypothetical designs use WGU and WGPu with either a tungsten or depleted
uranium (DU) tamper device. Weapon composition and geometrical configuration are
directly related to the emissions characteristics on the surface of the weapon [23]. Ta-
ble 1.5 indicates that an HEU-based weapon with a tungsten tamper material exhibits
the lowest rate of neutron emission of the four designs. For the HEU device using DU,
the 1.001 MeV gamma ray is the most intense. This signature photon, however, is from
the DU and not the HEU itself. As expected, the strongest neutron emitters are both
the plutonium devices.
Table 1.5: Expected photon and neutron emission rates from four hypothetical nuclear
weapons at the surface of the weapon, including gamma-ray energy most prevalent for
detection.
Fissile Material n
s
γ
s
γ energy (MeV)
12 kg WGU (W) 30 30 1.001
12 kg WGU (DU) 1,400 100,000 1.001
4 kg WGPu (W) 400,000 600 0.662
4 kg WGPu (DU) 400,000 60,000 1.001
The strengths of photon and neutron passive signatures are inversely proportional to
the square of the distance from the source. Table 1.6 indicates the distances where the
photon and neutron rates are approximately equal to natural background. For HEU-based
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weapon with a tungsten tamper material, the radiation emission rate at the surface of the
tamper is essentially at natural background level, making detection nearly impossible.
Despite the higher intensities of radiation spontaneously emitted from WGPu, in the
Table 1.6: Distances from four hypothetical weapons where neutron and photon signa-
tures are equal to background levels [23].
Fissile Material neutron distance (m) photon distance (m)
12 kg WGU (W) 0.2 0.4
12 kg WGU (DU) 1.5 3-20
4 kg WGPu (W) 25 0.6
4 kg WGPu (DU) 25 2-15
presence of significant shielding, passive detection of plutonium still proves challenging
[22]. Taking into consideration the spontaneous signatures of SNM in particular behind
shielding, passive detection is inadequate.
Intact nuclear weapons are mostly under heavy physical security making their ac-
quisition difficult. A terrorist group has a greater possibility of obtaining the necessary
material required to construct a crude nuclear device in smaller quantities. The theft of
HEU is particularly troubling because of the straightforward manner in which a weapon
could be built from this material and its global availability. The global stockpile of HEU is
triple that of separated Pu at 1,600,000 kg; in some instances, HEU is located in research
reactors in developing countries with no binding global standards governing how these
materials should be secured [24]. Based on the spontaneous fission rates and accessibility,
detecting kg quantities of HEU is, consequently, the most challenging, tangible threat to
defend against.
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1.4 Transmission Radiography for SNM detection
1.4.1 Dual-energy photon transmission radiography
Dual-energy transmission radiography has been a long-standing technique used to increase
the contrast in radiographic images and/or determine the concentration of a particular
element [25]. Since the 1950s, dichromatic transmission radiography has been used in a
multitude of applications ranging from improving the quality of mammograms to finding
illicit materials such as narcotics, explosives, weapons, and nuclear materials [26, 27].
Photons of different energies are used to perform material identification in dual-energy
transmission radiography. The dependence of the mass attenuation coefficient on both
the photon energy and the atomic number can be exploited to differentiate among ma-
terials. It is desirable for the photon energies to be adequately separated to ensure only
one of the three main photon interactions (photoelectric effect, Compton scattering, and
pair production) dominates at that particular energy. Each of these main processes scales
differently with atomic number. This method represents an improvement over traditional
monochromatic transmission radiography insofar as it provides greater contrast for ma-
terials that appear similar when using a single photon energy. This is because a thicker
lower-Z material may result in as much attenuation as a thin high-Z material. Further
discussion of the underlying physics of dual-energy transmission radiography is provided
in Chapter 5.
Dual-energy radiography is widely used in x-ray scanners to determine elemental
composition of luggage or cargo and relies on the difference in the Z-dependence of pho-
toelectric and Compton scattering cross section. X-ray radiography has demonstrated
the capability to readily identify high-Z materials which could indicate the presence of
SNM [28]. Other dual-energy radiography methods rely on electron linear accelerators
that produce broadband bremsstrahlung radiation [29]. The presence of low-energy pho-
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tons in the bremsstrahlung spectrum significantly contributes to the imparted radiation
dose and degrades the image quality [1, 30].
Prior work using the 11B(d,nγ)12C as an AI source for material identification has
been conducted [31–33]. In this work, an ion-beam accelerator was used to generate
highly energetic photons and probe various objects. Atomic numbers of various objects
were inferred by dual-energy gamma transmission radiography. At two of the gamma-
ray energies produced by this accelerator-driven source, the dominant photon interactions
were Compton scattering and pair production, as opposed to photoelectric absorption and
Compton scattering in common lower-energy bremsstrahlung sources. Despite accuracies
to within 5–10% when determining Zeff using dual-energy photon radiography, challenges
remain in distinguishing high-Z materials such as SNM from non-SNM such as lead or
tungsten [34].
1.4.2 Fast neutron/gamma-ray radiography
Much attention has been given to the use of fast neutron radiography to identify nuclear
materials [35]. Typically, small portable neutron generators are employed to produce
monoenergetic fast neutrons, which are then used to infer the composition of an object.
In past work, two mono-energetic neutron sources were used to perform simple spectro-
scopic neutron radiography to perform crude geometric imaging and confirm the presence
of fissile material [36]. Additionally, fast neutrons generated with larger particle accel-
erators were used to classify cargo containers based on their hydrogen content in cargo
and gain insight into possible shielding that may disguise SNM signatures [37]. Other
nontraditional probes such as high-energy protons [38] and muons [39–41] have also been
used to perform radiography for certain material detection applications.
Single-particle-type probes by themselves are not universally applicable due their poor
penetrability through certain materials, or extreme interaction probability (too small, or
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too high). One method to overcome this limitation and increase the effectiveness of
material probing is dual-particle transmission radiography. A less exploited radiography
technique which combines fast neutron and photon radiography – fast neutron/gamma-
ray radiography (FNGR) – is an example of a dual-particle probe and is based on the same
principles as dual-energy photon radiography. Neutrons are highly penetrating through
high-Z shielding, whereas photons easily pass through low-Z shielding, both providing
useful information of the properties of the intervening material. Photon transmission
can thus be augmented by neutron radiography, which provides a complementary signal.
Implementation is particularly convenient if the nature of the AI source is such that it
produces both photons and neutrons. The FNGR technique is different from dual-energy
photon radiography in that, unlike photon attenuation, neutron attenuation does not
scale monotonically with atomic number. Further, neutron attenuation depends not only
on the atomic number, but also on the nucleon number (isotope).
1.5 Active Interrogation
1.5.1 Fundamentals of active interrogation
Passive detection relies on spontaneous radioactive decay, and in many instances can
be easily masked by shielding from common materials. In contrast, AI uses external
probing radiation to induce a higher signal intensity, providing a more viable method
for SNM detection and nuclear material characterization. AI is defined as the use of
ionizing radiation to cause nuclear reactions in the SNM and produce prompt and delayed
neutrons and gamma rays. The neutrons and gamma rays produced from AI have a
greater intensity and energy as compared to the passive detection signatures.
AI relies on inducing nuclear reactions in the material by exposing it to an external
radiation source [42]. A material’s probability of interaction is defined by its cross-
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section. The higher the cross-section, the higher the rate of interaction and thus, higher
intensity of detectable characteristic neutrons and gamma rays. The relationship among
the reaction rate (R), number density (N), flux (φ), and the microscopic cross-section
(σ) is
R = Nφσ. (1.1)
The most prevalent interrogation sources are neutrons and photons, which are usually
produced by charged particle accelerators or radioisotope sources. The cross-sections are
energy dependent and vary significantly for neutrons and photons. Figure 2.1 shows the
fission cross-sections of uranium isotopes for photons and neutrons of various energies.
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Figure 1.2: Neutron- and photon-induced fission cross-sections of two uranium isotopes.
The reaction rate for neutron-induced fission is higher over the full energy range of
the incident particle. The photofission cross-section does not become significant until
approximately 6 MeV, making AI via photons impractical below this energy. Even at its
highest value in the range of 10 to 15 MeV, the σ for photofission is still approximately
an order of magnitude lower compared to neutron-induced fission. Fission cross-sections
for incident neutron energies at and below thermal energies are not displayed in Fig.
2.1. They are several orders of magnitude greater for 235U when compared to 238U [43].
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However, thermally-induced fission is not discussed in this work due to the low penetration
for thermal neutrons. The photofission signature can be supplemented by secondary
photoneutrons emitted in the surrounding materials from (γ, n) reactions [42].
Signatures from fission also exhibit a time dependence and are characterized as ei-
ther prompt or delayed. The neutrons that appear essentially instantaneously within
10−14 s are considered prompt, whereas any neutrons after 10−14 s are considered delayed.
Prompt neutrons appear during the scission of the nucleus, while delayed neutrons origi-
nate from the decay of fission fragments and are emitted at a far lower rate as compared
to prompt neutrons, with delayed to total neutron fractions ranging from 0.0064 to 0.0020
for fast-neutron induced fission of 235U and 239Pu, respectively [44].
The energy spectra of neutrons and gamma rays emitted from neutron-induced,
photon-induced, and spontaneous fission are similar regarding their energy. For neutron-
induced fission, the average number of neutrons per fission (ν¯) is larger in comparison to
spontaneous fission and is a linear, slowly increasing function of incident neutron energy.
For example, 239Pu has a multiplicity of 2.6 neutrons per spontaneous fission, whereas the
multiplicity for neutron-induced fission is 2.88 and 3.16 neutrons per fission for incident
neutron energies of 0.025 eV and 2 MeV, respectively.
1.5.2 Ion-beam driven nuclear reactions as an AI source
Low-energy, ion-beam driven nuclear reactions can be utilized to produce high-energy
neutrons and photons suitable for interrogation of heavily shielded fissile material. Reac-
tions that carry a large positive Q-value allow the use of lower energy (and thus typically
smaller and simpler) accelerators to create highly penetrating energetic photons and neu-
trons. By choosing proton- or deuteron-induced exothermic reactions with large Q-values,
the minimum energy required to kinetically allow the reaction is governed by the Coulomb
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barrier. The minimum energy required to overcome this threshold is approximately
Ec = 1.2
ZxZX
A
1/3
x + A
1/3
X
. (1.2)
Consider for example the 11B(p, γ)12C reaction. The Q value can be calculated from
the mass differences,
Q = (mx +mX −my −mY )c2. (1.3)
and equals 15.95 MeV. Using Equation (1.2), the proton energy threshold for this reaction
is 1.86 MeV. An AI system employing such a reaction as its source has the potential to be
more cost effective, less complex, and result in a smaller footprint as compared to other
more traditional high-energy AI sources [45].
1.5.3 Low-energy-threshold reaction candidates for AI
There are several reactions that produce either photons above the photo-fission energy
threshold or neutrons that are viable for AI interrogation. As noted, these particles can
be of high energy (> 10 MeV) and used to penetrate dense cargo to perform radiography
for material identification. In Ref. [46] many reactions were considered, including (p,γ),
(p,αγ), (d,nγ), and others. Four candidate targets (11B, 7Li, 19F, and 15N) were selected
based on target atomic number, the Q-value of the reaction, and known gamma-ray
energies from the resulting excited nuclei. Proton, deuteron, and triton beams were used
to bombard the targets. Of primary interest in the work was the 11B(d, nγ) reaction,
which has a Q value of 13.7 MeV, an Eth of 1.63 MeV, and can excite the 15.1 MeV state
of 12C. The results of the study indicated that the 11B(d, nγ) reaction was the strongest
source of high-energy gamma rays that can be produced with low-energy p, d, and 3He
beams [46]. Extensive Monte Carlo simulation was performed in Ref. [47] examining
the neutron and gamma-ray production from deuteron-based reactions as potential AI
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sources. The reactions studied included the 11B(d,n)12C and 27Al(d,n)28Si.
This dissertation does not provide an exhaustive list of potential reactions, but lists a
few that show good promise as AI sources. Due to the availability of specific accelerators
for our experiments, this work focuses on two deuteron-based reactions both of which
result in the excited state of 12C along with other excited nuclei. While representative,
the sources based on those two reactions do not necessarily fully explore the potential of
low-energy threshold ion-beam driven nuclear reactions as practical AI sources.
1.6 Contributions of this work
Up to this point, this dissertation has introduced various methods to detect SNM in-
cluding passive techniques, radiography, and AI. The focus of the research presented
here has been to combine radiography and AI using a dual-particle, multiple-energy
quasi-monoenergetic source. The source is based on accelerating deuterons into a boron-
containing target. This dissertation establishes a detection methodology that starts with
radiography of an unknown object and concludes with detection of SNM and enrichment
determination for uranium that may be present in the object.
Elemental identification is performed for the first time by measuring the attenuation
of neutrons and photons from an AI source based on deuterons incident on a boron tar-
get. FNGR presented in this work is more sensitive to changes in elemental composition
as compared to dual-energy photon radiography. Such a system based on FNGR which
employs several photon and neutron energies is likewise less vulnerable to shielding con-
figurations designed to shield one type of particle or energy. A single, multi-particle,
multiple-energy, mono-energetic source and a single detector type are used for the first
time to perform simultaneous neutron and photon spectroscopic radiography. Figure 1.3
depicts a conceptual design of one important application – a cargo screening AI system
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– where a multi-particle isotopic source could prove its utility.
Figure 1.3: Depiction of potential cargo scanning system using an AI source. A single
source may be used to implement simultaneous scanning of multiple cargo streams.
In this dissertation, fissionable material is detected using a custom-constructed capture-
based scintillation neutron detector by measuring the time-dependent buildup and decay
of delayed neutron emission from uranium. This work concentrates on observation of
the delayed-neutron rate from uranium samples, but the method developed may be ex-
tended to plutonium or other fissionable materials. Although verifying the presence of
fissile material by observing delayed neutrons is not a new technique, some gaps in prior
work remain and are addressed here. Specifically, it is shown experimentally for the first
time that not only the decay but also the time-dependent buildup of delayed neutron
emission can be used to detect uranium and measure its enrichment. To that end, a
novel method is presented to determine uranium enrichment by exploiting the differences
in characteristic long-lived delayed neutron groups for two principal uranium isotopes in
SNM, requiring no calibration standards.
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1.7 Dissertation structure
While highly related, the remaining chapters in this dissertation can be treated as stan-
dalone contributions. The experiments discussed here were completed in three separate
campaigns at three different facilities. Their combined strength arises from the fact that
they provide complementary contributions to an overall AI methodology that may be
used to identify the location of various materials (including high-Z material), detect
SNM, and in the process even measure its isotopic enrichment. The successive chapters
explain the steps necessary and applicable detectors that are suitable for this detection
methodology. Although a system based on a low-energy ion-beam driven nuclear reaction
source may offer these multiple functionalities, the technology presented can be used on
an individual basis as well. Using the combined power of the presented techniques for
specific applications such as cargo inspection could be most beneficial. If the application
is focused on treaty verification techniques where uranium enrichment is the sole focus of
the measurement, time-dependent delayed neutron measurements may be sufficient, and
other AI sources (such as DD and DT neutron generators) may be more practical.
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Chapter 2
Scintillation detectors for
neutron/gamma-ray detection in an active
interrogation system
In this chapter the relevant properties of the detectors used throughout the dissertation
are discussed. The response of an organic liquid scintillator to high-energy neutrons
and gamma rays is investigated. The method of spectrum stripping is presented as a
way to reconstruct the incident neutron and gamma-ray energy spectra. Additionally,
the time-of-flight (TOF) technique is discussed as a complementary means to measure
the neutron energy. The operation of capture-based scintillation detectors is explained,
including their potential advantages when used in specific nuclear nonproliferation and
security applications. Lastly, the choice and the justification for the types of detectors
used in this dissertation research are stated. This chapter includes edited portions of the
2017 publication in the journal Nuclear Instruments and Methods in Physics Research,
Part A, Response and Calibration of Organic Scintillators for Gamma-ray Spectroscopy
up to 15-MeV Range [48].
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2.1 Organic Liquid Scintillators
There has been an increasing interest in the use of organic scintillators in nuclear safe-
guards and in nonproliferation applications to address a range of needs. The interest
stems mostly from of their high-detection efficiency for fast neutrons, their fast timing
properties, and their scalability to large sizes [16]. Applications of liquid scintillators
in particle spectroscopy rely on the accuracy of their calculated response functions for
monoenergetic photon and neutron sources and their agreement with calibration mea-
surements.
Liquid scintillators are generally used to perform fast neutron spectroscopy, where
pulse-shape analysis techniques are used to discriminate between neutrons and photons.
Measuring the neutron TOF or employing unfolding algorithms are the most common
methods used to extract the energy spectra of the incident neutrons in organic neutron
scintillation detectors. Due to the partial energy deposition and different collision histo-
ries for neutrons of the same energy, organic liquid scintillators suffer from poorly resolved
features in the light output distributions [49–51]. This lack of resolution increases the dif-
ficulty in spectral unfolding, making TOF often the preferred choice to measure neutron
energy [52, 53].
While it is well-known that low-Z organic scintillators are also sensitive to photons
and their response is nearly proportional, photon spectroscopy usually is not attempted
due to low efficiency, resolution, and the absence of photopeak features in the spectrum.
Instead, photon interactions with organic scintillators are usually rejected by pulse shape
discrimination or the timestamp of a gamma interaction.
Although the presence of prominent full-energy deposition peaks is favored for photon
spectroscopy, many common high-Z scintillators rely on expensive crystalline materials
with slow decay timing characteristics, which can perform poorly in high-rate environ-
ments. Also, they can be costly to scale to large volumes of space, or may not be able
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to differentiate between neutron and photon interactions. An organic liquid scintillator’s
fast rise-time and decay-time response, with the ability to adequately detect and identify
both neutrons and photons make it a suitable choice for an AI system that requires the
measurement of both types of particles in a high-rate environment.
Organic liquid scintillators are commonly used for measuring the fast neutron flux and
energy spectrum. The low-effective atomic number of the constituent materials means
that these detectors have a strong affinity for neutron interactions. With their high
fast-neutron detection efficiency, these scintillators can be used in mixed radiation fields
to perform neutron-photon spectroscopy through various unfolding techniques or TOF.
In the same vein, due to their excellent neutron/photon discrimination combined with
their fast response compared to a more traditional gamma-ray detector such as NaI(Tl),
organic liquid scintillators may prove their usefulness for photon spectroscopy in high
radiation fields as well.
2.1.1 Light output response
In an organic scintillator, the light output is strongly dependent on the type of re-
coil charged particle produced in the interaction. Neutrons are detected predominately
through proton recoils, while energetic gamma rays are detected through electron recoils
produced primarily by Compton scattering or pair production. The scintillation light
output of organic scintillators has been described by the Birks’ formula:
dL/dx =
S dE/dx
1 + kB dE/dx
, (2.1)
where dL/dx is the energy emitted as light per unit length, S is the absolute scintillation
efficiency, dE/dx is deposited energy per unit length in the form of ionized and excited
particles, k is a constant related to the light quenching of the material, and B is a
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constant [54]. As a result of light quenching, the ratio between the deposited energy
and the emitted scintillation light is not the same for particles with different stopping
powers, dE/dx. The response of organic scintillators also displays nonlinearities for both
electrons and heavy charged particles (HCPs), which is most apparent at lower energies,
i.e. below ∼125 keV for electrons and above slightly higher energies for HCPs [54, 55].
The response of organic scintillators to electrons above 125 keV is fairly linear and is
used to scale the detector output to light output in electron equivalent units [56, 57]. The
term electron equivalent (ee) is introduced to describe the light yield on a absolute basis
and is defined as the amount of light that would produced by an electron of that energy.
However, because of the quenching process for heavier charged particles, such as recoil
protons, generation of certain amount of scintillation light requires a particle energy that
greatly exceed the electron equivalent energy.
The shape of the light output spectrum in low-Z, organic scintillators is dependent
on the energy of the incident particle. The Compton scattering process for photons
remains the dominant interaction process in the energy range of 0.5–20 MeV, with the
pair production process being the second highest contributor, becoming energetically
possible above approximately 1 MeV. The contribution of the photoelectric effect to the
interaction rate is considerably lower than both the Compton scattering and the pair
production and can be considered negligible for low-Z materials. Figure 2.1 shows the
calculated linear attenuation coefficients for the three primary photon interactions in the
energy range of 0.5–20 MeV for the EJ-309 (C4.35H5.43) liquid scintillator [58].
Elastic scattering on hydrogen is the dominant process for neutron interactions in
an organic liquid scintillator that contributes to the light output spectrum. An incident
neutron can deposit anywhere from 0 to 100% its energy to the hydrogen nucleus pro-
ducing a recoiling proton. Additionally, neutrons can scatter off a carbon nucleus, where
the incident neutron can then lose anywhere from 0 to 28% of its energy. Figure 2.2
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Figure 2.1: Linear attenuation coefficients of the three primary photon interactions for
an EJ-309 (C4.35H5.43) liquid scintillator [58].
shows the microscopic cross-sections for elastic scattering of a neutron with hydrogen
and carbon nuclei. Despite having a comparable or slightly higher interaction probability
for neutron energies ranging from 1 to 20 MeV, recoiling carbon nuclei contribute less to
the light output spectrum as a consequence of a decreased scintillation efficiency (equa-
tion 2.1) from a higher dE/dx and a lower-average energy for the recoiling carbon nuclei.
Collision histories and the amount of energy deposited vary for incident neutrons of the
same energy. This variability gives rise to a broad distribution of light output even for a
monoenergetic neutron source.
2.1.2 Particle identification
Organic scintillators are comprised of aromatic hydrocarbons and have scintillation rise
and decay times on the order of a few ns. The scintillation light relies on the transitions
made by “free” electrons in the molecules that occupy the pi molecular orbital. Ionizing
radiation produces charged particles that excite the electronic and vibrational modes of
the scintillator molecule, producing singlet and triplet states.
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Figure 2.2: Microscopic cross-section for elastic scattering of a neutron on hydrogen and
carbon [59].
The scintillation light is made up of two primary components – prompt and delayed.
The singlet excitations decay quickly and contribute to the prompt component of the
resulting emission (prompt fluorescence), while the delayed emission from triplet states
proceeds primarily through inter-system crossing (delayed fluorescence) [55]. The fraction
of light that appears in the delayed component is attributed to the fraction of triplet states
produced, which is dependent on the recoil particle type and scintillator material. The
process of pulse-shape discrimination (PSD) exploits this difference between the fast and
slow components to identify the type of incident radiation (neutron or photon). Figure 2.3
shows a typical pulse shape from a neutron and photon event recorded from an organic
scintillator. It is readily apparent through visual inspection of the two different pulses
that the neutron pulse shows greater light output at later times.
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Figure 2.3: Representative pulse shapes from a neutron and photon event in a liquid
scintillator.
2.1.3 Particle spectroscopy
Spectrum stripping
If the incident photon spectrum consists of several discrete, sufficiently separated energies,
a spectroscopy technique known as spectrum stripping can be used. The response function
for each of the expected photon energies can be simulated using a particle transport Monte
Carlo code or by direct measurement using calibration sources. The response function for
the highest expected energy is then fit to the high end of the measured spectrum. The
fit response function is then “stripped” back by subtracting the response function from
the measured spectrum. Now, the high end of the subtracted spectrum is solely due to
the next highest energy. The subsequent anticipated energies are then fit in descending
order until the entire recorded spectrum is accounted for. The relative intensities of each
of the fit response functions give the intensity and light output spectrum of the photons
detected. This process applies to both neutrons and photons if spectra are monoenergetic
or multiple-monoenergetic, well-distributed, and the appropriate response functions are
known or can be calculated [60].
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Neutron time-of-flight (TOF)
An alternative method to determine neutron energy is by measuring its TOF. The neutron
energy, En, is calculated from:
En = mv
2/2, v . 0.1c or (2.2)
En =
mc2√
1− v2/c2 , v & 0.1c (2.3)
where m is the mass of a neutron, v is the neutron’s velocity (v = L/TOF with L being
the distance from the origin of the neutron to the detector), and c is the speed of light.
2.2 Composite neutron scintillation detectors based
on the 6Li(n,α) reaction
Neutrons, being neutral particles, are detected by producing reaction-induced charged
particles, for example by recoil or in nuclear capture reactions. A scintillator may con-
tain a capture agent such as 6Li , 10B, 157Gd , or 3He, that exhibits large neutron in-
teraction probability at low energy and produces a detectable reaction product. Due
to the characteristic 1/v dependence of these isotope’s nuclear reaction cross-sections,
a hydrogenous material can first be used to moderate neutrons, thereby increasing the
detection efficiency for fast neutrons.
Considerable work with loading neutron-sensitive material into scintillators in both
homogeneous and heterogeneous configurations has been done [51, 61–64]. Homogeneous
designs come in either solid-state or liquid form, and isotopes with large neutron inter-
action cross-sections are chemically loaded into another material to achieve a uniform
distribution throughout the detector volume [51]. Heterogeneous or composite designs,
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such as those in Refs. [65–67], are comprised of different materials that are not chemically
combined and can be anisotropic or isotropic.
A heterogeneous composite detector combines scintillation materials with different
scintillation properties. By exploiting the variations in decay time constants, fluorescence,
cross-sections for varying particle types, and ranges of charged particles, neutron-photon
discrimination is possible in materials that do not otherwise intrinsically possess this
capability. Composite detectors that rely on neutron capture on 6Li are accompanied
with a relatively large Q-value (4.8 MeV), resulting in a high scintillation light yield,
which uniquely identifies a neutron capture event. Thermal neutron capture on 6Li
produces two heavy charged particles:
6Li + n→ 4He (2.05 MeV) + 3H (2.73 MeV). (2.4)
6Li-based heterogeneous composite detectors can distinguish neutron from photon
events in two dimensions, light output and pulse shape. Composite detectors demon-
strate their value in high-rate environments such as seen in AI systems, where high
discrimination power is a necessity. Detectors based on capture reactions have essentially
no low-energy threshold for neutron detection. Detectors based on capture reactions have
essentially no low-energy threshold for neutron detection. Figure 2.4 shows the energy-
dependent neutron capture cross section on 6Li, exhibiting a characteristic 1/v behavior.
Although a neutron can undergo capture on 6Li at any energy, the probability of capture
increases rapidly with the reduction of neutron energy [68]. The average energy of a de-
layed neutron from fission is on order of a few hundreds of keV. This makes capture-based
detectors, with an appropriate amount of hydrogenous scintillator for neutron modera-
tion, highly suitable for such a measurement with reasonable detection efficiency.
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Figure 2.4: 6Li cross-section as a function of incident neutron energy [68].
2.3 Detectors selected for this work
Two categories of experiments – neutron/gamma-ray radiography and the detection of
delayed neutrons from fission – are discussed in this dissertation. The spectroscopic
transmission radiography required modest energy resolution since the gamma rays pro-
duced in our deuteron-based nuclear reactions had discrete, well-separated energies. The
high-event rate in our AI environment demanded a detector with a fast response time.
Although two types of detectors designed explicitly to measure neutrons or photons could
have been used, a more straightforward approach is taken, where one type of detector
that was capable of effectively detecting both types of particles is employed. A 3-inch
diameter, 3-inch tall cylindrical EJ-309 organic liquid scintillator manufactured by Eljen
Technology is used for the neutron and gamma-ray radiography experiments [69]. This
hydrocarbon-based scintillator can adequately detect and separate neutrons from photos
and possesses sufficient energy resolution for detecting gamma rays in this environment.
Liquid scintillators exhibit relatively high efficiency for fast neutrons, but their abil-
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ity to distinguish between neutrons and photons is diminished at lower energies (on the
order of 100 keVee ∼ 1 MeV neutron energy or less [50]). Delayed neutrons are on
order of several hundreds of keV, making delayed neutron detection more challenging
with organic liquids. The detector used for the delayed neutron measurements was a
custom-built heterogeneous composite scintillator coupled to an appropriate photomulti-
plier tube [67]. Capture-based detectors can detect lower neutron energies compared to
traditional recoil-based organic scintillators due to their zero threshold. When accompa-
nied by moderating material, these types of detectors are effective for both fast and slow
(including thermal) neutron detection. Characteristics of the composite detector used
in the present experiments could provide benefits for certain applications, such as the
detection and spectroscopy of the relatively low energy delayed neutrons from fission in a
high mixed radiation field, where sensitivity to low energy neutrons and a good particle
discrimination are necessary.
A custom cylindrical detector was constructed from enriched 6Li scintillating glass
inside a matrix of scintillating polyvinyl toluene (PVT). The detector consists of an
array of 1×1×7.6 cm3 GS20 lithium glass square rods, and the PVT matrix has a height
and diameter of 12.7 cm. The glass rods are centered in the PVT matrix. The lithium in
the GS20 glass is enriched to approximately 95% in 6Li and serves as the neutron capture
material; the total lithium content in the glass is 6.6%. Figure 2.5 shows a photograph
of the detector and a Geant4 [70] rendering of the side and top of the detector.
Neutrons incident onto the detector typically undergo thermalization in the PVT and
are subsequently captured in the lithium-doped glass. A neutron at thermal energies
(0.025 eV) has a mean free path approximately 230 µm in the glass. This distance is
smaller than the transverse dimensions of the rod making neutron capture highly likely.
These neutron capture events can be easily distinguished from events that take occur
in the PVT due to unique response that results from both the Q-value of the capture
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Figure 2.5: Photograph of the (a) composite neutron detector and the geometry as defined
in Geant4 simulation: (b) side and (c) top view.
reaction and different scintillation properties between the PVT and glass.
The heavy-charged particles produced from neutron capture on 6Li (equation 2.4)
have ranges on the order of tens of µm and typically deposit their full energy in the
glass [66, 71]. In contrast, the typical range of an energetic electron produced by an
interaction of a photon with the composite detector dramatically exceeds the transverse
dimensions of the glass rod. Since the glass composes a comparatively small fraction
of the detector mass, the electrons deposit their energy primarily in the PVT and can
be readily distinguished by their pulse shape. Similar to photons, the neutron-induced
nuclear recoils deposit their energy mainly in the PVT and are identified based on their
pulse shape and subsequent neutron-capture event. A detailed description of the fabri-
cation process and the specifications of the individual materials of the detector has been
presented in Ref. [67]. Additionally, a full description of the underlying physics that occur
in a lithium-based heterogeneous composite is found in Ref. [72].
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Chapter 3
High-energy photon and neutron
spectroscopy using an organic liquid
scintillator
In this chapter, the characterization of the EJ-309 liquid scintillator used for many of
the experiments conducted is discussed. In a broader context, this chapter presents a
versatile calibration methodology that can be readily applied to organic scintillators over
a wide neutron and photon energy range (approximately 0.5–20 MeV). The methodol-
ogy is based on the identification of multiple features in the light output spectrum that
can be attributed to the varying contributions of the two dominant radiation interaction
mechanisms. The calibration method is applied to the EJ-309 organic liquid scintilla-
tor [69] and enables accurate high-energy photon spectroscopy in this material which is
not traditionally used for this purpose. This method is used for the work described in
the subsequent chapters, specifically in experiments related to the FNGR method. The
characterization of the capture-based neutron detector used in this research is presented
in chapter 6. This chapter includes edited portions of the 2017 publication in the journal
Nuclear Instruments and Methods in Physics Research, Part A, Response and Calibration
of Organic Scintillators for Gamma-ray Spectroscopy up to 15-MeV Range [48].
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3.1 Simulation
Organic scintillators have been extensively studied by modeling in the Geant4 framework,
and their response to monoenergetic neutron and photon sources has been experimentally
characterized [73–76]. To an even further extent, Monte Carlo N-Particle Transport Code
(MCNP), specifically MCNP− PoliMi [77], has been widely used to model particle responses
in organic scintillators [53, 78–80]. Typically custom post-processing codes are used to
analyze the output of MCNP− PoliMi, where the number of elastic collisions that occur on
hydrogen and carbon nuclei are recorded [81]. There are two primary methods to obtain
the detected light output spectrum from a Monte Carlo simulation; the first employs a
complete simulation of the time-resolved production and transport of optical photons [76],
while the second requires a post-processing step using the experimentally determined
energy resolution and the correlated light-output functions. The latter technique is used
in this work.
Monte Carlo simulations were performed in the Geant4.10.0.p4 framework, an object-
oriented toolkit for simulating the passage of particles through matter [70]. The standard
electromagnetic packaged Geant4 physics list, G4EmStandardPhysics, was used to simu-
late interactions for various monoenergetic photon energies, accounting for both photon
and lepton physics. A cylindrical scintillator was simulated with 7.62 cm diameter and
height and surrounded by air. The direction of a particle fan beam was set such that
the zenith and azimuth angles were equal to the detector’s height and diameter at its
center plane. The elemental ratio of hydrogen to carbon for the simulated detector was
1.25, which is equivalent to the organic liquid EJ-309 [69]. A large number of particle
histories were examined to observe the effect on the spectral shape of the post-processed
light output spectra.
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3.2 Materials and methods
All gamma-ray measurements were conducted at the MIT’s Bates Research and En-
gineering Center. A commercial EJ-309 liquid scintillator assembly was used for the
measurements [69]. The dimensions of the detector were identical to those used in the
simulation. The liquid scintillator was housed in an aluminum casing and was connected
to a Hamamatsu R7724 photomultiplier tube.
Three photon energies were used to establish the resolution fitting parameters in the
range of 0.5–4.4 MeV, originating from Pu-Be and 60Co radioisotope sources and the
activation of surrounding materials, which provides a strong 0.511 MeV photon flux.
The detector was exposed to each of the photon energies for approximately 15 minutes
to establish sufficient measurement statistics.
A radio-frequency quadrupole (RFQ) was then used to accelerate 3-MeV deuterons
onto a 2-mm thick natural boron target, consisting of approximately 20% of 10B, with
the remainder being 11B. The accelerator and facility described in Ref. [31] was also used
in this experiment. The 11B(d,nγ)12C nuclear reaction produces several characteristic
gamma rays, with two prominent energies at 4.4 MeV and 15.1 MeV [46]. A gamma-
ray line is also readily observable at 0.511 MeV from the activation of the surrounding
material induced by the accelerator. A competing reaction is 11B(d,pγ)12B, which yields
two more gamma rays at 0.95 MeV and 1.67 MeV. All of these gamma rays, except for the
0.95 MeV gamma ray, were used to perform a calibration to electron-equivalent energy
with just a single source over a broad energy range.
The detector was placed approximately 8 meters from the target. The accelerator was
operated at 6 µA, with the photon production rate on order of 107 and 106 photons s−1
per µA at 4.4 and 15.1 MeV, respectively. The boron target was surrounded by borated
polyethylene, lead, and concrete of various thicknesses. The mixed photon-neutron flux
generated from the target was passed through two sets of concrete blocks and collimated
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to a vertical fan beam with a width of about 5 cm.
In both the neutron and photon measurements, the detector was powered by a CAEN
DT-5533 high-voltage power supply, and the photomultiplier tube anode light-pulse sig-
nals were digitized using a CAEN DT-5730 14-bit 500 MS/s desktop waveform digitizer.
All data was processed in the ROOT framework [82]. A pulse-shape parameter (PSP)
was calculated as
PSP = (Qlong −Qshort)/Qlong. (3.1)
CAEN’s Digital-Pulse-Processing Pulse-Shape Discrimination (DPP PSD) Control
Software was used to measure two preset scintillator light pulse integral regions, Qlong
and Qshort, for each event. The waveform integration bounds were set to [ts, ts+64 ns]
and [ts, ts+180 ns] for Qshort and Qlong, respectively, where ts is the location of the start
of the waveform (trigger position–gate offset). As a result of the choice of these bounds,
the short integration region is fully contained within the long integration region.
Figure 4.7 shows the response of the detector in the PSP -light output parameter
space when exposed to the accelerator source. A fiducial cut was placed at PSP ≈0.2
to select the gamma interactions and a low light output cut was additionally applied at
50 keVee during post-processing. The response of the detector in the PSP -light output
parameter space for the Pu-Be source is shown in Fig. 3.2 for comparison provides a much
clearer display of the two separate neutron and gamma-ray PSP regions. The high event
rate of the accelerator leads to significant pile up. The tight gamma-ray PSP selection
window shown in Fig. 4.7 removes these invalid events along with other events lacking
fidelity in the regions below and above the graphical cut.
The light output distribution for the EJ-309 response to the accelerator source is
shown in Fig. 3.3 for the events located in the fiducial cut displayed in Fig. 4.7. The
spectral features from the 11B(d,nγ)12C reaction to the interaction of a 15.1-MeV gamma
ray emitted by the excited 12C nucleus are easily distinguishable at the high end of the
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Figure 3.1: Response of the EJ-309 scintillation detector exposed to the accelerator source
inducing the 11B(d,nγ)12C and the 11B(d,pγ)12B reaction with a fiducial cut on photon
region shown in red.
Figure 3.2: Response of the EJ-309 scintillation detector exposed to a PuBe source.
light output spectrum, and the presence of several other gamma-ray energies throughout
the lower part of the spectrum is also visible.
34
Light Output (ADC) 
0 5000 10000 15000
Co
un
ts
1
10
210
310
410
510
Figure 3.3: Photon spectrum of the AI source recorded with EJ-309 liquid scintillator.
3.3 Resolution parameter search
The results of the simulation were post-processed using a custom analysis code to predict
the light-output distribution, L. The detector resolution, ∆L/L, is described with a
Gaussian broadening model, which was applied event-by-event:
∆L
L
=
√
α2 +
β
L
+
(γ
L
)2
. (3.2)
Equation (3.2) [83–85] is a well-established parameterization, where α is due to the
position-dependent light transmission between the scintillator and the photocathode,
while β accounts for the statistical nature of the photon production and attenuation
of light in the scintillator and includes the quantum efficiency and electron amplifica-
tion of the photomultiplier tube. Lastly, γ is the contribution of electronic noise of the
photomultiplier tube [86].
The fit coefficients (α, β, and γ) are determined using an iterative process. First, an
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initial value is selected for each of the coefficients. The simulated light-output spectrum
is then calculated by convolving the resolution function in Eq. (3.2) with the deposited
energy spectrum on an event-by-event basis. Both the experimental and simulated light-
output spectra are then normalized to their maxima at the high end of their respective
light-output distributions. The range of the simulated response to 4.4-MeV photons
where the maximum is identified for instance is 3.7–5 MeVee. The range is selected to
exclude the maximum value that occurs at the low end of all light output spectra. The
values for the experimentally-measured light output spectra are identified in arbitrary
units set by the data acquisition system, which we refer to as the ADC units. Following
the normalization, the conversion of the experimental spectrum (in ADC units) to light
output spectrum (in MeVee units) is performed by selecting the location of the peak
in the simulated smeared spectrum and the location of the peak in the experimentally-
measured spectrum. The units for the experimental spectrum are then converted to
electron equivalent energy. A least-square value is calculated to compare the two light-
output spectra, with the range of analysis limited to the high end of the light-output
spectrum. For example, for the 4.4-MeV experimental-simulation comparison, the range
was set to 3.7–5 MeVee.
To search over a broad parameter space, 100 values of α, β, and γ were tested for the
detector responses to 0.511 MeV, 4.4 MeV, and 60Co gamma rays separately. The values
for each of the coefficients were initialized to 0.01 and were incremented by 0.01 over 100
steps. Each of the 106 parameter combinations were tested by the least-square criterion.
The crude search resulted in parameter values all greater than 0.05 for each of the three
gamma-ray sources, providing a more constrained starting point for α, β, and γ. A more
precise parameter search was then performed by incrementing each of the coefficients by
0.001 over 50 steps, with α, β, and γ initialized to 0.05.
A range of the best α, β, and γ groups were recorded for each of the gamma-ray
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sources. The α, β, and γ values for each of the groups were tested at the three different
gamma energies. For each of the groups, the sum of the squares of the least-square
values was calculated, and the minimum sum was selected to yield the best α, β, and
γ combination. The values of 0.069, 0.058, and 0.069 were identified for α, β, and γ,
respectively, to have the best agreement with the experimental data. The resolution as
a function of light output over the range of 0.25–15 MeVee is shown in Fig 3.4 using
the previously obtained α, β, and γ for values inserted into Eq. (3.2). Figure 3.5 shows
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Figure 3.4: Resolution as a function of light output using the values of 0.069, 0.058, and
0.069 for α, β, and γ in Eq. (3.2).
the comparison of the experimental and simulated light output spectra using the best-fit
values for α, β, and γ for 0.511-MeV, 60Co, Pu-Be, and 15.1-MeV sources. The 15.1-
MeV source is shown to illustrate the accuracy of the method despite not calculating the
best-fit values of α, β, and γ at this energy.
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Figure 3.5: Experimental and simulated light output spectra with the optimal energy
resolution fitting for (a) 0.511 MeV, (b) 60Co, (c) Pu-Be, and (d) 15.1 MeV gamma ray
sources.
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3.4 Energy calibration
The common method for calibrating organic scintillators typically relies on the identifi-
cation of the position of the Compton edge relative to the maximum number of counts at
the high edge of the light output spectrum for a monoenergetic photon source. The meth-
ods vary slightly insofar as of the choice of the position corresponding to the Compton
edge. In Ref. [87], a NE102A plastic scintillator has been examined, with the Compton
edge point found at 4.8%±1.4% above the Compton edge maximum using a fast/slow
coincidence system. Ref. [86] uses the comparison of a measured pulse height spectrum
with Monte Carlo pulse height distributions folded with detector resolution to identify
the position of the Compton edge in the NE213 (comparable to EJ-309 [69]) liquid scin-
tillator. In that work it was found that the position of the Compton edge is greatly
affected by detector size and photon energy due to multiple scattering events occurring
in the detector. In Ref. [88], a calibration method analogous to the one described in
Ref. [86] was used, finding a point for the Compton edge located at 83% of the Compton
maximum for a 662 keV gamma ray. In Ref. [50] a 137Cs source was used for calibration,
with no clear indication of how the calibration point was identified on the light output
distribution. Yet another method described in Ref. [89] provides a convenient graphical
representation to identify the Compton edge position depending on the energy resolution.
In contrast to these methods, a technique can used where the measurement of the
response to nearly monoenergetic electrons from Compton scattering events can be ac-
complished. In addition to the organic scintillator under characterization, the technique
typically uses an additional high-purity germanium or NaI(Tl) detector placed at a spe-
cific angle relative to the incident gamma rays. By selecting coincident events, the Comp-
ton scattered electrons in the organic scintillator’s light output spectra can be resolved
and correlated to the deposited energy at the specific scattered gamma-ray angle [90]. If,
however, experimental constraints prevent the use of a two detector system, the former
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method is left to accomplish the calibration task.
Due to the poor energy resolution of organic scintillators, ranging from 8% for stilbene
up to 25% for plastics, an accurate energy calibration is typically not required [89]. If
photon spectroscopy is to be performed over a large energy range, e.g. up to high photon
energies, these calibration procedures become cumbersome, and small calibration errors
affect the accuracy of experimental results when using unfolding techniques. As the
photon energy increases, the high-end region of the light output distribution from a
monoenergetic (gamma) source becomes increasingly affected by the energy deposition of
electrons and positrons from pair production, making the Compton edge feature in the
light output spectra traditionally used for organic scintillator calibration more difficult
to identify [91].
An energy calibration for a scintillator is typically performed by using clearly identifi-
able features in its light output spectrum. For example, in a NaI(Tl) detector, photopeaks
are typically used with a linear fit performed to two or more points. Due to the low atomic
number of the constituents of organic scintillators, the photopeaks are absent and other
spectral features must be used.
Below 1.022 MeV, pair production is energetically impossible and the Compton edge
can therefore be used for calibration. The location of a Compton edge is identified relative
to the location of the peak at the high end of the light output response to a gamma ray.
At energies >1.022 MeV, the light output spectrum becomes more complex due to the
contribution of pair production. Although the Compton scattering continues to dominate
the linear attenuation coefficient of the liquid scintillator up to 20 MeV, pair production
interactions start to dominate the high end of the light output spectrum. The inclusion of
these two concurrent processes in the analysis allows for a complete and well-understood
set of prominent features in the spectrum to be used for calibration.
Figure 3.6(a) shows the simulated energy deposited and simulated light output spectra
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convolved with energy resolution for a 4.4 MeV gamma ray. The Compton edge for a
4.4 MeV gamma ray can be identified in the deposited energy spectrum at its calculated
value of 4.16 MeV. The Compton edge in the light-output spectrum can then be identified
at the corresponding point in the deposited energy distribution. An intersection of the
deposited energy spectrum and the light output spectrum occurs at the Compton edge
energy, ∼4.16 MeV, which is ∼86% of the Compton maximum. Another discernible
feature in the light output spectrum is the double escape peak at 3.38 MeV, which is
easily identifiable at the intersection of the narrow peak in the energy deposited spectrum
and the broadened smaller peak in the light output spectrum. Figure 3.6(b) shows the
contributions to the light output spectrum for a 4.4 MeV gamma ray. The higher edge of
the light output spectrum is dominated by Compton scattering interactions, which allows
the same technique for selection of calibration used for points below 1 MeV.
Figure 3.7(a) shows the simulated energy deposited and light output spectra for 15.1-
MeV gamma rays. The energy of the Compton edge for a 15.1-MeV photon is 14.85 MeV,
but the Compton events are no longer the dominating contribution of light output at the
high end of the light output spectrum, as seen in Figure 3.7(b). The greatest contribution
to the broadened peak is the double escape from the pair production event, and the
Compton edge cannot be discerned. The shift in the contributions to the high edge of
the light output spectrum gives rise to an identifiable peak located at 14.1 MeV (15.1–
1.022 MeV).
A fraction of bremsstrahlung deposits its energy in the detector and makes a sig-
nificant contribution to the light output spectra for both 4.4- and 15.1-MeV photons,
aiding in the in the resolution of the double escape peak from pair production. The two
photons created during pair production typically escape, and the two energetic electrons
lose some of their energy through bremsstrahlung, a fraction of which escapes from the
detector. However, some of the bremsstrahlung photons undergo additional interactions
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Figure 3.6: (a) Simulated deposited energy (blue) and light output (red) for a 4.4-MeV
gamma ray; (b) relative contributions to the light output spectrum by the various pro-
cesses in an EJ-309 detector. The processes displayed are Compton scattering (CS), pair
production (PP), light output with the exception of light produced from bremsstrahlung
(WB), and the total light output.
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Figure 3.7: (a) Simulated deposited energy (blue) and light output (red) for a 15.1-MeV
gamma ray; (b) contributions of various processes to the light output spectrum in an
EJ-309 detector. The processes displayed are Compton scattering (CS), pair production
(PP), light output with the exception of light produced from bremsstrahlung (WB), and
the total light output.
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in the detector volume and can lead to deposition of an energy equivalent of the double
escape peak. This is shown in Figure 3.6(b) and 3.7(b) at 3.38 and 14.08 MeV for the
respective incident gamma energies of 4.4 and 15.1 MeV. The importance of the contri-
bution of bremsstrahlung becomes apparent by comparing the total light output from all
photon processes to the light output when the energy redeposited from bremsstrahlung
is excluded, as seen in Figure 3.6(b) and 3.7(b).
Two different linear calibration fits were tested for their agreement between the sim-
ulated and experimental light output spectra. The first calibration fit uses the Compton
edge position at 86% of the peak at the edge of the light output spectrum for four dif-
ferent gamma ray energies, resulting from the 11B(d,nγ)12C and 11B(d,pγ)12B nuclear
reactions and the 0.511 MeV annihilation gamma ray. The result of the fit is shown in
Figure 3.8(a). The second calibration fit uses three calibration points corresponding to
the locations of Compton edges used in the first fit, and adds two additional points at the
position of the double escape peaks of the 4.4 and 15.1 MeV gamma rays. The result of
the five-point fit is shown in Figure 3.8(b). Parameters p0 and p1 displayed in Fig. 3.8(a)
and (b) follow the following linear relationship for conversion of ADC units to MeVee:
Light Output (MeVee) = p1× ADC + p0.. (3.3)
Using the parameters from the three-point fit in Fig. 3.8(a) to convert the experimental
spectrum in units of ADC to MeVee, the high-energy end of the gamma-ray spectrum
from the 11B(d,nγ)12C reaction was compared to the simulated detector response to a
15.1-MeV gamma ray. The results of this comparison are shown in Figure 3.9. A clear
difference is apparent in the shape of the light output spectrum near its end point, which
could be due to Compton edge position selection and the lack of another calibration
point at high energies. A Gaussian fit was performed with three different spectra on their
peaks at the high end of the light output spectra. The mean light output for the simulated
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Figure 3.8: Linear calibration fits for (a) three-point fit using the Compton edge for 0.511-
, 1.67-, and 4.4-MeV gamma rays; (b) five-point fit using the Compton edge for 0.511-,
1.67-, and 4.4-MeV gamma rays and the double escape peaks for 4.4- and 15.1-MeV
gamma rays.
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spectra yielded 14.1±0.05 MeVee. The three- and five-point calibrated spectra resulted
in mean light outputs of 13.8±0.04 and 14.1±0.04 MeVee, respectively. The five-point
calibration fit is in much better agreement compared to the three-point calibration fit,
while the three-point calibrated spectra are not within 3σ of the expected result. The
selection of the position of the Compton edge is affected by the resolution of the detector,
which can lead to approximations that contribute to calibration shifts at higher energies.
Using the three-point calibration, all of the lower energy fits are still in good agreement
with simulation.
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Figure 3.9: Comparison of simulated (blue) 15.1 MeV and high end of the 11B(d,nγ)12C
experimental gamma-ray light output spectrum using the three-point calibration (green)
and five-point calibration (red).
A similar comparison as the three-point fit was performed between the experimental
and simulated light output distributions for a 15.1-MeV gamma ray using the parameters
from the five-point fit in Fig. 3.8(b). The results of the comparison are shown in Fig. 3.9
for a side-by-side comparison with the three-point fit. With visual inspection alone, it is
clear that the five-point fit represents a more accurate calibration method.
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3.5 Discussion
A versatile iterative process for extrapolating resolution fitting parameters for an organic
scintillator to high energies was developed and applied to the EJ-309 scintillator. Three
different photon energies were used in the process, and a least-square test between exper-
imental and simulated data was performed. An optimal combination of resolution fitting
parameters for the EJ-309 liquid scintillator was determined. The methodology can be
utilized for any organic scintillator where a well-parameterized resolution function can
be applied, and a step-by-step procedure to perform this method is outlined Fig 3.10.
The method does not require the measurement of the resolution at many photon energies
to extract the resolution fit parameters, and could thus reduce the number of additional
experiments that would otherwise be required.
Above 1.022 MeV, pair production starts competing with Compton scattering for a
contribution to the light output spectrum. At higher energies, the light output spectrum
develops additional features that can be resolved and used for a more robust calibration
to electron equivalent energy. The feature that can be utilized is caused by the pair
production process, where the double escape peak starts to appear at energies greater
than 4 MeV. Simulated results in Fig. 3.11 show the percentage of interacting photons
that undergo pair production as a function of energy. The simulated evolution of the
pair production feature with increasing incident photon energy is shown in Fig. 3.12.
By examining Fig. 3.12, one can see the double escape peak starts to be resolved around
4 MeV, where the pair production events begin to make an observable contribution to the
light output spectrum. Eventually, as the photon energy increases, the contribution to
the light output from pair production begins to dominate the spectral shape at the high
end of the light output spectrum, compromising the ability to use Compton scattering
features for calibration.
Two calibration fits were established for comparison of experimental data and simu-
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Figure 3.10: Flow chart describing the method to extract resolution parameters for an
organic scintillator.
lations. A three-point linear fit was performed using the Compton edge at three different
photon energies: 0.511, 1.67, and 4.4 MeV. Additionally, a five-point linear fit was per-
formed using those same energies, as well as two points corresponding to the double
escape peak of 4.4-MeV and 15.1-MeV gamma rays. A least-squares test was performed
in the range of 13.5–16 MeVee, resulting in values of 1.23 and 0.49 for the three- and
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Figure 3.11: Percentage of photons that interact with the detector that undergo pair
production.
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Figure 3.12: Light output spectra for 1, 2, 3, and 4 MeV photons from left to right,
respectively.
five-point calibrations, respectively. Due to the poor resolution of organic scintillators,
identification of the position of the Compton edge is often challenging. When easier to
identify, features such as peaks can be used in addition to the Compton edge, yielding
a more accurate calibration to electron equivalent energy. The ability to perform pho-
ton spectroscopy over a broad range of energies is heavily dependent on the accuracy of
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the energy calibration. At high higher photon energies, the Compton edge is no longer
identifiable and other points must be selected to improve the accuracy of the conversion.
The five-point calibration presented here is adaptable and can also be applied to a broad
range of organic scintillators to enable high-energy photon spectroscopy and was used to
calibrate the liquid scintillators used in the remaining experiments discussed.
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Chapter 4
Single-mode dual-energy transmission
radiography
In this chapter, accelerator-based measurements conducted at the MIT Bates Research
and Engineering Center are discussed. Here, single-mode refers to a single type of radia-
tion used (photons); however, two photon energies are employed to perform dual-energy
spectroscopic transmission radiography and determine the effective atomic number of
several pure materials ranging from aluminum to uranium. 3-MeV deuterons were used
to drive a multiple-particle AI source, and EJ-309 liquid scintillators were used to detect
the transmission of gamma rays and neutrons. The accelerator target used to stop the
deuterons was made of natural boron and produced a mixed neutron/gamma field. Two
prominent gamma-ray energies are present, at 4.4 and 15.1 MeV. By measuring the atten-
uation of the gamma-ray beam at these two photon energies, moderate to large changes
in atomic number among objects can be readily discerned. Despite this capability, dual-
energy photon transmission radiography material identification provides relatively poor
material discrimination between materials in the high Z-range (Z&74). The work pre-
sented in this chapter uses low-resolution liquid organic scintillation detectors for the
first time to perform dual-energy photon radiography. Further, the material identifica-
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tion approach uses a single AI source, single detector type imaging system based on the
11B(d,nγ)12C reaction.
4.1 Introduction
The intensity of photon radiation through matter follows a simple exponential attenuation
law. Absorption removes the photon from the beam, while scattering reduces its energy
and changes its emission angle. As a result, scattered radiation may not be detected,
depending on the scattering angle and the solid angle covered by the detector. The
probability of all interaction processes per atom depends on both the energy of the photon
and the atomic number of the absorber. The total probability that an interaction occurs
per unit path length is referred to as the total linear attenuation coefficient, µ , and is
the sum of all coherent and incoherent interaction cross-sections.
µ = τ(photoelectric) + σ(Compton) + κ(pair). (4.1)
Since the linear attenuation coefficient depends on density, it is convenient to define
attenuation using the mass attenuation coefficient, µ/ρ.
The energy-dependent transmission (T ) of photon radiation is described by the Beer-
Lambert law,
T (E) = I/I0 = exp[−(µ(E)/ρ)κ], (4.2)
where I and I 0 is the measured intensity of the transmitted photons with and without
the absorber present, respectively, and κ is the areal density of the absorber.
Different processes dominate photon interactions for material in specific energy regimes.
Material identification using dual-energy photon transmission radiography exploits the
dependence of the interaction cross section on the atomic number Z and photon energy.
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Figure 4.1 shows the regions in which the three main photon interaction processes with
matter dominate with the two separate photon energies, 4.4 and 15.1 MeV, selected for
this work indicated with a dashed (red) line.
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Figure 4.1: Relative importance of the three main interaction processes as a function of
photon energy and atomic number of the absorber. The solid lines indicate where the
processes on either side are equal. The dashed red lines indicate the two photon energies
used for dual-energy (single-mode) radiography.
Interactions at 4.4 and 15.1 MeV are dominated by different mechanisms, which scale
differently with Z. Figure 4.2 shows the energy dependent variation of the total atten-
uation coefficient for uranium, lead, iron, and aluminum. At 4.4 MeV, the dominant
interaction process is Compton scattering(σ ∝ Z ), whereas pair production (κ ∝ Z 2) is
the dominant process for most elements at 15.1 MeV. This varying Z -dependence between
low- and high-Z (Z> 74) allows high-Z materials to be identified.
If transmission is measured at two energies (E1 and E2), one can write
R =
µ1
µ2
=
ln(TE1)
ln(TE2)
. (4.3)
Here, R is the ratio of the mass attenuation coefficients (or attenuation coefficients) at
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Figure 4.2: Energy dependent variation of the total attenuation coefficient for uranium
(red), lead (blue), iron (green), and aluminum (purple) with two gamma-ray energies
used for dual-energy transmission radiography
energies E1 and E2, which is specific to the material the photons traverse. Therefore,
the ratio of the mass attenuation coefficients at two energies can be used to compare the
experimentally measured quantity ln(TE1)/ ln(TE2).
If the ratio of attenuation of monoenergetic photons of 15.1 and 4.4 MeV are used as
an example, a unique ratio of attenuation coefficients exists across the periodic table, as
indicated by Fig. 4.3. For the case of broad-bremsstrahlung radiation with dual-energy
boundaries, the aforementioned ratio becomes sensitive to areal density. In these cases,
the ratio is no longer unique and is treated as a ratio of effective attenuation coefficients
averaged over the bremsstrahlung spectra. The mass thickness is estimated from one of
the bremsstrahlung spectra and a lookup table used to estimate Z [92].
If an an object is a combination of multiple pure elements or a mixture of elements,
the object can be hypothetically considered as a pure element and represented by its
effective atomic number (Zeffective). The transmission of a monoenergetic photon for an
object or objects containing i components with mass attenuation coefficient, µi/ρi, and
54
0 20 40 60 80 100
Z
0.4
0.6
0.8
1
1.2
1.4
μ
1
5
.1
M
e
V
/
μ
4
.4
M
e
V
Figure 4.3: Ratio of 15.1 to 4.4 MeV attenuation coefficients [58]
areal density, κi, is written as
T = Πi exp(−µi/ρiκ)i = exp(−Σiµi/ρiκi) = exp
(
−
(µ
ρ
)
eff
κ
)
(4.4)
A deficiency of a simple two-energy approach for material identification is that it can-
not easily distinguish a combination of elements from a pure material as it only determines
Zeffective. Such is the case for detection of shielded SNM, where the SNM object may
be shielded by a combination of high- and low-Z materials. The two-energy approach
is also limited in its ability to distinguish between materials with similar attenuation
coefficients as in distinguishing between lead and uranium. Techniques have been devel-
oped that attempt to overcome this limitation by using more than two photon energies
and tomographic techniques [34, 93–95]. Such a technique could be employed here using
other characteristic photon or neutron energies from the 11B(d,nγ)12C reaction and is the
subject of chapter 5.
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4.2 Materials and methods
Measurements were conducted at the MIT Research and Engineering Center and utilized
2- and 3-inch EJ-309 liquid scintillators. An Accsys Technologies DL-3 RFQ accelerator
was used to accelerate deuterons to 3 MeV and direct them onto a thick natural-boron
target containing 80.1% 11B. The boron target was 2-mm thick and mounted to the output
port of the accelerator’s RFQ. The accelerator operated with a duty factor of 0.6% at
300 Hz and an average deuteron current of 6 µA. The total estimated fast neutron flux
was on the order of 109 µA−1sr−1, and the gamma flux was estimated at 107 µA−1sr−1
and 106 µA−1sr−1 for 4.4 MeV and 15.1 MeV, respectively [31]. Neutron and gamma
transmission measurements were conducted with objects consisting pure elements.
A diagram of the experimental setup is shown in Fig. 4.4. Two sets of concrete
collimators focused the AI source to a vertical fan beam approximately 5 cm wide. EJ-309
liquid scintillators were used to measure the transmission of photons and neutrons in two
different experimental configurations. Figure 4.4 shows the placement of the detector(s)
in those two experimental configurations. The circled letters in Fig. 4.4 correspond to
the matching circled letters on the photographs in Fig. 4.5.
In the first configuration, a single 7.62 cm (height and diameter) cylindrical EJ-309
detector was placed 8 m from the natural-boron target. The transmission objects were
placed approximately 1 m from the natural-boron target and had an approximate areal
density of 20 g/cm2. The dimensions of the test objects were chosen such that they
subtended the full solid angle of the detector. Six different objects were tested; the
detector and test object remained in a fixed position for an exposure time of 2700 s per
object. A simplification of the 1D Beer-Lambert law was applied, where any interaction
(including scattering) was assumed to remove the particle outside the solid angle of the
detector. Due to the large distance between the transmission object and the detector and
the detector’s small size, this simplification is valid and renders the effects of buildup for
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Figure 4.4: Diagram of experimental setup at MIT Research and Engineering Center (not
to scale). A RFQ linear accelerator, B location of material objects for transmission
measurements, C location of radiographic imaging object, and D location of both
detector configurations for each of the two experiments
this specific experimental configuration negligible. Table 4.1 lists the measured properties
of the test objects used in the experiment using known densities of the materials shown.
Table 4.1: Properties of objects used in experiments at the MIT Research and Engineering
Center.
Material Atomic Number Density (g cm−3) Areal Density (g cm−2)
Al 13 2.7 19.17
Fe 26 7.87 19.68
Cu 29 8.96 18.82
Sn 50 7.3 19.71
Pb 82 11.34 21.87
U 92 19.1 19.4
In the second configuration, a vertical array of eight 5.08 cm (height and diameter)
cylindrical EJ-309 detectors was placed 8 m from the boron target. The detector-to-
object distance was 4 m. The vertical detector array is shown in Fig. 4.5 D . The total
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Figure 4.5: Photographs from MIT Research and Engineering Center showing the ex-
perimental setup of A the RFQ accelerator, B location of transmission objects, C
location of radiographic object measured with vertical array, and D location of detector
placement.
height of the array, measured from centerline-to-centerline between the top and bottom
detectors, was 70 cm. The detectors were evenly spaced with a 10 cm distance measured
centerline-to-centerline.
A single, combined heterogenous object was tested in the detector array experiment.
The dimensions of the combined-material object were chosen to fully subtend the inner six
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(a) (b)
Figure 4.6: Transmission object used in the vertical detector array experiment showing
(a) a photograph and (b) a computer aided design of the object
detectors at the object’s maximum height. These dimensions allowed the top and bottom
detectors to measure the unattenuated mixed AI beam. The combined object consisted
of two types of materials and was in the shape of a letter H and letter i made from
high-density polyethylene and depleted uranium, respectively. This object is referred to
as the Hi object in the remainder of the dissertation. Figure 4.6 shows a photograph and
computer-aided design of the object used in the vertical detector array experiment.
The Hi object was translated across the beam while the accelerator and detector array
remained in a fixed position. The object was moved in 5-mm increments and measured for
300 s at each position over a total of 48 increments. The accelerator beam was interrupted
while the object was being moved and restarted once the next position is reached.
In both experimental configurations, CAEN’s DPP PSD Control Software was used to
measure two preset integral regions, Qlong and Qshort, for each event [96]. The waveform
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integration bounds were set to [ts, ts+64 ns] and [ts, ts+180 ns] for Qshort and Qlong,
respectively, where ts is the location of the start of the waveform (trigger position minus
gate offset). The short integration region is fully contained within the long integration
region for this choice of bounds.
4.3 Results and Discussion
Figure 4.7 shows the response of the 7.62-cm EJ-309 detector in the PSP–light output
parameter space when exposed to the 3-MeV deuteron-boron AI source. A fiducial cut was
placed around PSP ∼0.21 to select the photon interactions, and a cut around PSP ∼0.27
to select the neutron interactions. A light-output threshold cut was applied at 50 keVee
during post-processing.
Figure 4.7: Response of the EJ-309 scintillation detector exposed to the accelerator source
inducing the 11B(d,nγ)12C and the 11B(d,pγ)12B reaction with a fiducial cut on photon
and neutron regions shown in red.
Figure 4.8 (a) and (b) shows the measured photon and neutron transmission spectra
obtained by selecting the events within their respective fiducial cuts. The measured
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light output distributions are calibrated to electron equivalent using the unattenuated AI
beam measurement. Figure 4.9 shows the measured gamma transmission spectra through
various materials.
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Figure 4.8: (a) Photon and (b) neutron light output spectrum of 11B(d,nγ)12C AI source
measured with EJ-309 liquid scintillator.
Simulation models for four of the primary characteristic photon energies (4.4, 6.7,
8.9, and 15.1 MeV) from the AI source were built to match the measured light output
spectra. The origins and yields of the gamma rays produced by the source in this specific
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Figure 4.9: Transmitted light output distributions through various materials measured
with a 7.62 cm EJ-309 liquid scintillation detector normalized to time and deuteron beam
charge.
experimental setup are discussed in greater detail in Refs. [33, 97]. The model was built
using the Geant4 toolkit utilizing the standard EM physics package.
The determination of the individual contributions of the four photon energies was
completed in steps. First, an exponential background term is fit to the total light out-
put distribution and subtracted. By removing the contribution of background, the high
edge of the light output distribution is solely due to the highest energy photon from the
AI source, which is 15.1 MeV. Next, the simulated detector response to the 15.1 MeV
photon is fit to the background-subtracted experimental light output spectrum. Analo-
gous to the background subtraction, the simulated 15.1 MeV fit is then subtracted from
the background-subtracted experimental light output distribution. The total number of
counts in the 15.1-MeV photon simulated-fit light-output distribution is the total number
of 15.1-MeV photons detected. The next highest photon energy of 8.9 MeV is then se-
lected and the same steps performed as for the 15.1-MeV photon. In this way, each time
the light output spectrum for one photon energy is subtracted, the response at the high
62
edge of the experimental light-output distribution is exclusively due to the next photon
energy descending down the spectrum. This also accounts for the downscatter and partial
energy depositions of the higher-energy photons contributing to the total measured light
output distribution. Figure 4.10 shows the individual contributions of the four highest
gamma-ray energies observed in the experiment.
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Figure 4.10: Open beam measurement compared to the simulated individual best fit
contributions of 4.4-MeV, 6.7-MeV, 8.9-MeV, and 15.1-MeV gamma rays for a 7.62-cm
EJ-309 liquid scintillation detector.
Figure 4.11 shows the sum of the individual photon contributions compared to the
measured light-output distribution for the 7.62-cm EJ-309 liquid scintillation detector.
Minor discrepancies are evident due to disparities in the simulation model with the phys-
ical experiment. The model did not include background from physical room components
such as surrounding objects, the concrete floor, or the collimators.
The ratio of attenuations of 15.1 and 4.4 MeV gamma rays was experimentally mea-
sured for six pure elements – Al, Fe, Cu, Sn, Pb, and U. Figure 4.12 shows a good
agreement between the measured transmission and transmission calculated using the 1D
model and tabulated photon attenuation coefficients [58].
For higher atomic numbers (&74), where elemental discrimination becomes critical for
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Figure 4.11: Open-beam measurement compared to the simulated combined contribution
from the four highest gamma-ray energies from the experiment for a 7.62-cm EJ-309
liquid scintillation detector.
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SNM identification, the differences in the ratio of attenuation, R, are inadequate when
other logistical concerns are taken into consideration. If the experiment were conducted
over a sufficiently long time, sufficient statistics would eventually build up to accurately
distinguish between Pb and U [32]. The available time in which a material must be
identified and the imparted radiation dose, however, are not infinite. There are signifi-
cant operational concerns when inspecting cargo containers and performing time-sensitive
treaty verification measurements. A more sensitive method is desired to perform material
identification for these types of applications.
Figure 4.13 shows the neutron and gamma-ray integral transmission image using an
array of eight 5.08 cm cylindrical EJ-309 detectors in (c) and (d), respectively. A photo-
graph (a) and computer-aided design (b) of the object are also included in Fig. 4.13 for
reference.
The integral transmission image reconstruction was completed post-irradiation. Fig-
ure 4.14 shows the detector alignment and corresponding positions. As already stated,
the detector array remained stationary, while the object was translated in 5-mm incre-
ments. Neutron and photon events are selected based on their pulse shapes and the total
number of counts in each particle’s fiducial cut (defined in Fig. 4.7) region are tallied. An
low light output cut was employed at 500 keVee. Each of the points in the 2D histogram
in Fig. 4.13 (c) and (d) is normalized using the unattenuated beam neutron or photon
counts measured at that position. The unattenuated integral neutron and photon counts
are measured at detector position 7 for each of the horizontal steps.
A qualitative inspection of Fig. 4.13 as expected shows a distinct difference between
the neutron and gamma-ray transmission image. In the gamma-ray image, high atten-
uation is evident in the high-Z material, whereas the low-Z material displays a much
lower attenuation. Conversely, the neutron image shows high attenuation in the low-Z
material and moderate attenuation in the high-Z material. The disparity in the neutron-
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(a) (b)
(c) (d)
Figure 4.13: Hi object used in the vertical detector array experiment showing (a) a
photograph, (b) a computer-aided design, (c) gamma-ray integral image of the object,
and (d) neutron integral image of object.
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Figure 4.14: Photograph (left) of a side view of radiography detectors array aligned
with (right) the numbered row-column matrix used to indicate the detector positions
associated with the neutron and gamma-ray integral images shown in Fig. 4.13.
and gamma-ray-integral transmission images indicates that there is useful complemen-
tary information that can be gained if both types of particle attenuation are taken into
account. While the integral transmission images offers a simple intuitive view of the
material composition, a more complete spectroscopic analysis could offer additional ben-
efits and should be possible because of the spectroscopic nature of the measurement.
In this way, it may be possible to overcome simple shielding configurations in which the
shield is designed for either photons or neutrons. Because the available experimental time
was limited, it was not possible to collect adequate statistics for the results in Fig 4.13;
Z effective determination using the ratio of attenuation of 15.1 to 4.4 MeV photons was
not performed.
Neutron TOF experiments were not possible with the operational configuration of the
DL-3 accelerator, thus not allowing an accurate measurement of the neutron spectrum
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produced by the source. Although more general information regarding the elemental com-
position or content of an unknown object can be obtained using the light output spectrum
produced by neutrons [37], accurate material identification using neutron transmission
requires that the incident neutron spectrum be known.
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Chapter 5
Dual-mode multiple-energy transmission
radiography
This chapter discusses the accelerator-based measurements conducted at the Institute for
Structure and Nuclear Astrophysics (ISNAP) at the University of Notre Dame (UND). In
an effort to improve the performance of material identification using gamma-ray (single-
mode) dual-energy transmission radiography, dual-mode transmission radiography is used
to more finely differentiate between similar materials. Here, the term dual-mode refers
to two types of particles and radiation – neutrons and photons. The technique presented
in this chapter uses multiple neutron energies combined with a single photon energy.
Here, elemental identification is performed by measuring both the neutron and photon
transmission through an object. EJ-309 liquid scintillators were used to measure the
transmission of both neutrons and photons, and 3-MeV deuterons drove a suitable AI
source. The accelerator target used to stop the deuterons at INSAP was boron nitride
(BN). It will be shown that the use of dual-mode transmission radiography makes it
possible to measure smaller changes in elemental composition of objects in comparison
to single-mode radiography presented in the previous chapter.
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5.1 Introduction
Photons and neutrons interact differently with matter – photons interact primarily via
atomic processes, whereas neutrons interact primarily via nuclear processes. The prob-
ability of a neutron interacting with matter depends not only on its element and the
isotope. Interactions of a beam of monoenergetic neutrons with an absorber may be
described similar to that for photons:
I = I0exp(−Σtx), (5.1)
where Σt is the total macroscopic cross section of the absorber, x is the absorber thickness,
and I and I 0 are the measured intensities of the transmitted neutrons with and without
the absorber present, respectively.
Unlike photon interaction probabilities, which exhibit a simple dependence on Z for
Compton scattering and pair production, the neutron interaction cross sections can vary
strongly with energy and isotope. Figure 5.1 shows the total neutron microscopic cross
sections for select materials. Using the unique dependence of neutron interaction proper-
ties that depend on both atomic and nucleon number, a ratio (R) that is highly correlated
to material type, can be determined using energy-dependent neutron and photon cross
sections. Rearranging equation 5.1 to solve for Σt and taking the ratio of µt (from equa-
tion 4.2) and Σ, removes the dependence of material mass and thickness and yields the
following equation:
R =
µt
Σt
=
ln(IEγ/IEγ ,0)
ln(IEn/IEn,0)
=
ln(Tγ,E1)
ln(Tn,E2)
. (5.2)
Using Equation 5.2, R-values equal to the attenuation of monoenergetic photons and
neutrons can be established. These R-values are experimentally determined by measuring
the attenuation of each particle through the objects.
Several different photon and neutron sources have been suggested for use in a material
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Figure 5.1: Total neutron microscopic cross sections for select materials
identification FNGR system [27]. In Ref. [98], FNGR was implemented by combining a
small, compact DT neutron generator with a radioisotope gamma-ray source. The system
was able to produce highly resolved radiographic images of air-freight containers. There
is a commercial-scale FNGR system based on the work in Ref. [98] installed at Brisbane
International Airport in Australia [99]. FNGR may also be performed using a DT neutron
source in combination with a continuous higher-energy X-rays, but no substantial work
exists utilizing this specific combination [100, 101]. Another FNGR system uses a high-
energy accelerator to accelerate deuterons into a gold or an aluminum target producing
neutrons and photons [102]. Here, a broad range of photon energies was measured with
an endpoint close to 10 MeV. Neutrons at an approximate energy of 8.5 MeV were also
produced. However, no robust material identification was reported.
In Ref. [103], it has been suggested that FNGR could be used to detect SNM in cargo
containers. In that work, deuterons were accelerated into a boron target to produce both
neutrons and photons. FNGR was, however, not pursued, nor there was any material
discrimination using FNGR attempted. To date, no work has been reported using a
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single source to perform material identification using FNGR. Further, no single type of
detector has been used to simultaneously measure neutron- and photon- spectroscopic
attenuation to support the FNGR material identification technique. Also, no work has
been conducted that combines multiple spectroscopic FNGR signals to perform material
identification. In this chapter, a method that uses four spectroscopic FNGR signals
originating from a single AI source is presented to accurately identify pure materials and
detect mixtures of material such as shielded SNM.
5.2 Materials and methods
Experiments were conducted using the 10-MV FN tandem accelerator at the ISNAP
located at the UND. Neutrons and gamma rays produced from a 3-MeV deuteron incident
onto a thick boron nitride target were measured with a 7.62-cm EJ-309 liquid scintillator
in two experimental configurations. Two rooms – the West and East Target rooms – were
used for the experiments at INSAP. Figure 5.2 shows the experimental rooms, placement
of detectors in the two experimental configurations, and accelerator location at UND
INSAP.
The detector was coupled to a 7.62 cm to 5.08 cm conical acrylic light guide and
mounted to a Hamamatsu PMT, model number R6321. The PMT was powered using a
CAEN DT5533N desktop high-voltage power supply. The PMT signals were digitized us-
ing a CAEN DT5730 14-bit, 500-MS/s digitizer and saved to data files for post-processing.
The digitizer was connected to a Linux computer via USB with a transfer rate of 30 MB/s.
The digitizer used the DPP PSD CAEN firmware package and a ROOT-based graphical
interface for data acquisition and display [104].
The objective sought in the first experimental configuration was to measure the TOF
of neutrons from the deuteron-BN source. The detector was placed in the West Target
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Figure 5.2: Layout of the UND ISNAP laboratory and locations of experiments: A East
Target Room B West Target Room
Room, 7.3 m from the boron-nitride target. Figure 5.3 shows a photograph of the detector
in place for the neutron TOF experiment. The detector was placed on beam axis, ∼1.8 m
from the floor and 4 m from surrounding walls.
Due to the lack of a shielded neutron TOF tunnel at the UND facility, special con-
siderations were taken into account when designing the experiment. The boron nitride
target was placed in an experimental room adjacent to the room with the neutron TOF
detector, providing a long TOF distance (∼8 m). Separating the two rooms was a 1.3-m
thick concrete wall, which collimated the neutron/gamma-ray AI source to an approxi-
mate beam diameter of 5 cm and reduced the abundance of room-scattered neutrons.
The accelerator was operated to deliver a deuteron pulse every 600 ns. A beam
buncher and sweeper were utilized to reduce the duration of the deuteron pulse from the
accelerator to less than 2 ns. Fourier convolution was used to study the effects of the
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Figure 5.3: Photograph of neutron detector at the UND ISNAP laboratory in position
for the neutron TOF experiment
broadening of the resulting neutron TOF spectrum based on the duration of the deuteron
pulse. It was found that a deuteron pulse shorter than 2 ns did not significantly broaden
the TOF spectrum. A 3-mm thick BN target with a composition of 95% boron nitride
and 5% boron trioxide was used to fully stop the 3-MeV deuterons.
The accelerator signal and detector signal were recorded by one digitizer. A valid
trigger signal in the detector channel prompted the recording of both the detector and
accelerator signal with an accurate time stamp provided by the digitizer. The accelerator
signal alone did not result in any recorded data. The record length was 1.2 µs, such
that that two accelerator signals were captured along with each detector pulse. The post
trigger for events occurring on the detector digitizer’s channel was set to 50%.
Neutron and photon events were identified based on the observed pulse shape in the
EJ-309 detector and analyzed on an event-by-event basis. The waveform data were pro-
cessed using a custom analysis code to calculate and subtract the waveform baseline and
subsequently determine the pulse height, pulse-peak position, and the PSP of individual
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events within the collected waveforms. The event integration bounds were set to [ts,
tp+22 ns] and [ts, ts+200 ns] for Qshort and Qlong, respectively, where ts is the location of
the start of the waveform (peak position minus 16 ns) and tp is the location of the peak.
The short integration region is fully contained within the long integration region for this
choice of bounds.
Figure 5.4 shows PSP as a function of light output measured with the EJ-309 liquid
scintillation detector. The neutron and photon events were separated by placing fiducial
cuts on their corresponding regions above and below the PSP value of 0.22 for neutrons
and photons, respectively.
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Figure 5.4: PSP as a function of light output recorded by the EJ-309 liquid scintillation
detector for 3-MeV deuterons incident on a thick BN target
Each accelerator pulse established a start signal, tstart, to mark the time the deuteron
struck the BN target. The particle detector was fixed at some measured distance, d, from
the BN target. For each registered pulse in the detector, the threshold trigger time gives
the time of detection, tstop. The difference of tstart − tstop, or the TOF, is tabulated.
The photons measured in the liquid scintillator were used to measure the “gamma
flash” from a deuteron striking the BN target. The gamma-ray TOF spectrum, showing
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the gamma flash and the gamma-ray background is shown in Fig. 5.5. The width of
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Figure 5.5: Full gamma-ray TOF spectrum measured at UND INSAP with an EJ-309
liquid scintillation detector
the prompt gamma-ray peak was 5.85 ns (Fig. 5.6). This width includes contributions
from the detection system (scintillator, light guide, PMT, digitizer, and cabling) and
the beam-bunching system, and results in a neutron energy resolution of approximately
1 MeV for 14.5-MeV neutrons and about 20 keV for 4-MeV neutrons.
The TOF was used to calculate neutron energy on an event-by-event basis. Figure 5.7
shows the neutron TOF spectrum from the unattenuated mixed-particle AI beam pro-
duced from a 3-MeV deuteron striking the thick BN target. As the deuteron loses energy
in the BN target, neutrons are produced at decreasing energies correlated to the different
excited states and kinematics of the various reactions occurring the target. Neutrons are
continuously produced until the deuteron energy drops below the Coulomb threshold of
the lower of the two target nuclei – 1.7 MeV for 11B or 2.3 MeV for 14N. Table 5.1 lists the
two main neutron-producing reactions from the deuteron-BN AI source and the resulting
gamma rays [105, 106].
The measured neutron energy spectrum is shown in Fig. 5.8. These results are in
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Figure 5.6: Gamma-ray peak in the TOF spectrum with background subtracted. A
Gaussian distribution is fit (red) to the peak yielding a full width half maximum of
5.85 ns.
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Figure 5.7: Neutron TOF spectrum measured with an EJ-309 detector at UND INSAP
from a pulse of sub-2 ns bunched 3-MeV deuterons striking the thick BN target
agreement with neutron energies measured in similar experiments with the 11B(d,nγ)12C
reaction conducted in Refs. [46, 103]. In the figure, a broad distribution of neutron
energies is observed and caused by the slowing down of the deuteron in the BN target.
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Table 5.1: Excited nuclear states for selected reactions of deuteron bombardment of BN
and their associated gamma-ray energies [105, 106].
Reaction Q-value (MeV) Gamma-ray Energies (MeV)
11B(d,nγ)12C 13.73 4.44, 9.64, 15.1
14N(d,nγ)15O 5.07 5.18, 5.24, 6.18, 6.79. 7.28, 7.56
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Figure 5.8: Measured neutron energy spectra at 0 degrees for a 3 MeV deuteron incident
onto a 3 mm thick BN target
Five different pure-elemental test objects (Al, Cu, Sn, Pb, and Bi) and one metal alloy
test object were placed in the beam path, and the particle transmission was measured
with the liquid scintillator for two hours per object. The pure-elemental objects had
natural isotopic abundance, and the tungsten alloy consisted of 6% Ni, 4% Cu, and 90%
W. The effective atomic number for the W-alloy was calculated using a custom open-
source software, Auto-Z eff [107]. All transmission objects were placed 60 cm from the
face of the detector. Figure 5.9 shows a diagram of the experimental setup.
Monte Carlo simulations were performed in Geant4 using the principal neutron en-
ergies produced (Fig. 5.8) in the d-BN reaction (4, 7.5, 11, and 14.5 MeV) with exact
dimensions and materials of the experiment to study the effects of build up in the detec-
tor. For each of the materials listed in Table 5.2, 105 neutrons at each of four principal
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Figure 5.9: Layout of the UND ISNAP laboratory and locations of components: detector
placement for A continuous beam photon measurements and B for neutron TOF
experiment.
neutron were individually simulated. The exact experimental dimensions of the objects
are listed in Table 5.2 and distances listed in Fig. 5.9 for the neutron-TOF experiment.
All neutrons less than the initial source neutron energy that deposited energy in the de-
tector were tallied. The buildup effects were found to be negligible with <1% of neutrons
reaching the detector with less than the source neutron energy. Therefore, the simpli-
fication of the Beer-Lambert law using the total neutron cross-section was used in the
neutron-transmission calculations.
Due to the limited experimental time, the experimental configuration was altered to
achieve sufficient counting statistics when measuring the 15.1 MeV gamma rays from the
d-BN source. In this second experimental configuration, the detector was transferred to
the same room as the BN target (East Target Room). The detector was placed at an
angle of approximately 90 degrees with respect to beam axis, with the face of the detector
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Table 5.2: Properties of objects used in particle transmission experiment at UND ISNAP.
Material Atomic Number Density (g cm−3) Areal Density (g cm−2)
Al 13 2.7 18.1
Cu 29 8.96 17.1
Sn 50 7.3 25.1
W alloy 64.7 17 25.3
Pb 82 11.34 22.5
Bi 83 9.78 30.3
78 cm from the BN target. The accelerator was operated in continuous mode. The
same six objects were inserted between the BN target and the detector, and the particle
transmission was measured for 30 minutes per object. The dimensions and placement of
the objects were selected to cover the full solid angle of the detector. Figure 5.9 shows a
diagram of the experimental setup used for the continuous beam experiment.
As in the neutron TOF experiment, neutron and photon events were categorized
based on their pulse shape. Figure 5.10 shows the pulse shape parameter, PSP , as a
function of light output measured with the EJ-309 liquid scintillation detector for the
second experimental configuration. When compared to Fig. 5.4, event pile-up is evident
in the lower light output region. Only the response to 15.1-MeV gamma rays was relevant
for material determination. In the range of the light output distribution corresponding
to 15.1-MeV gamma-rays (1.9×105 ADC), event pile-up was negligible.
Photon events in the detector were selected within a fiducial cut centered at a PSP
value of ∼0.22 in Fig. 5.10. Fig. 5.11 shows the experimental photon light-output spec-
trum measured with the EJ-309 detector from the d-BN source, with a distinct 15.1-MeV
region displayed in the inset. Other features are observable in the spectrum from other
prominent gamma rays from the source, but are difficult to identify due to the modest
detector resolution.
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Figure 5.10: PSP as a function of light output from the EJ-309 liquid scintillation
detector for a 3 MeV deuteron incident on a thick BN target with the accelerator operating
with a 100% duty cycle.
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Figure 5.11: Sample gamma spectrum measured in the EJ-309 detector for the unatten-
uated beam.
In addition to the gamma-ray energies listed in table 5.1, other gamma-ray energy
lines originate from different reactions occurring in the BN target. Table 5.3 lists the
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Table 5.3: Excited nuclear states for selected reactions of deuteron bombardment of BN
and their associated gamma-ray energies.
Reaction Q-value (MeV) Gamma-ray Energies (MeV)
14N(d,αγ)12C 13.57 4.44, 9.64, 15.1
14N(d,pγ)15N 8.609 5.29, 6.32, 7.16, 7.30, 8.31, 9.15, 10.8
other reactions involving 14N and their respective gamma-ray energies.
With the distances (target-to-object and object-to-detector) of the continuous beam
experiment, a significant number of photons undergo small-angle scatter and contribute
to the light-output distribution. Photon spectroscopy via spectrum stripping depends on
having a well-understood simulated detector response. If the simulated response does not
include the contributions from small-angle photon scatter, then the 1D attenuation law
alone cannot fully describe the experimental reality.
A Geant4 simulation was performed to study the build up of 15.1 MeV photons when
passed through an object and then into an EJ-309 liquid scintillator. The simulation
accounted for the exact experimental dimensions and distances. Figure 5.12 shows two
simulated EJ-309 light output distributions, one from an unattenuated beam of 15.1
MeV photons, and one from a 15.1 MeV photon beam attenuated by a Pb object with
dimensions as described in Table 5.2. Below 2 MeVee, the two spectra diverge, which
is attributed to a 15.1 MeV photon undergoing an interaction that does not remove
it or its secondary particle fully from the beam path. These scattered or secondary
photons are detected, which is contrary to the assumption of the 1D model. These
photons have energy below 15.1 MeV and thus contribute more to the low end of the
spectrum. Spectrum stripping relies on an accurate fit of the simulated response to
prominent features in the experimental data. The unattenuated simulation does not
account for the secondary photons from the 15.1 MeV feature results in an overestimate
of the transmission.
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Figure 5.12: Two simulated EJ-309 light output distributions: an unattenuated beam
of 15.1-MeV photons (blue) and a 15.1-MeV photon beam attenuated with the exact
dimensions of the Pb object (black) described in Table 5.2.
Figure 5.13 shows two simulated EJ-309 light output distributions of a 15.1-MeV pho-
ton beam attenuated with the exact dimensions of the Pb object described in Table 5.2.
The distribution in black shows all events depositing energy in the detector, while the
distribution in red included only events that interact in the Pb object before reaching
the detector. Figure 5.13 indicates that a significant number of source 15.1-MeV photons
undergo an interaction before detection. The percent of photons that deposit energy in
the detector that are less than 15.1 MeV is approximately 10% (buildup percent) for all
objects listed in Table 5.2; the gamma-ray transmission results were corrected for small
angle scatter events by reducing the total number of 15.1 MeV events for each of the
materials by its respective buildup percent.
A separate liquid scintillation detector was used to monitor any accelerator beam-
current fluctuations and normalize the individual object transmission measurements. The
detector was located in the East Target Room (Fig. 5.2) approximately 4 m from the BN
target. Photon events located in the high-edge of the light output distribution–10 MeVee
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Figure 5.13: Two simulated EJ-309 light output distributions of a 15.1-MeV photon beam
attenuated with the exact dimensions of the Pb object (black) described in Table 5.2:
all events depositing energy in the detector (black) and events which first undergo an
interaction before reaching the detector (red).
to 15 MeVee– were selected, and the average detected photon rate calculated. A nor-
malization factor was calculated by dividing the measured photon rates observed during
each of the objects experiments by the photon rate observed during the unattenuated
AI source measurement. The calculation of the neutron and photon transmission used
the unattenuated number of counts at each energy measured with the TOF detector
increased by its corresponding normalization factor. Figure 5.14 shows the calculated
normalization factors for the individual neutron transmission measurements during the
neutron-TOF (pulsed-beam) experiment. This was completed for both the pulsed- and
CW-beam experiments, with the CW-beam experiment yielding similar results.
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Figure 5.14: Object normalization factor for neutron-TOF experiment, where the nor-
malization factor is equal to the ratio of the measured photon rate corresponding to the
time during which the object’s was measured and the unattenuated photon rate.
5.3 Results and discussion
The transmission of 15.1-MeV gamma rays through objects listed in Table 5.2 was exper-
imentally measured. The total number of gamma rays transmitted through the object
was obtained in accordance with the spectrum stripping procedure outlined in chapters 2
and 4. Each measurement was corrected for buildup and deuteron beam current. Fig-
ure 5.15 shows the experimental results, which are in good agreement to analytically
calculated values based on tabulated nuclear data [58].
Four prominent energies (4, 7.5, 11, and 14.5 MeV) were identified in the neutron
energy spectrum for material transmission studies. Figure 5.16 shows the unattenuated
neutron energy spectrum from the d-BN (Ed = 3 MeV) source with arrows indicating the
peaks.
The neutron transmission at each of the four energies was measured by summing
the counts under the peak and the neighboring energy bins (one below and one above).
This is carried out for the unattenuated neutron beam and the measurements with the
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Figure 5.15: Measured 15.1 MeV gamma-ray transmission through various objects com-
pared to analytically-calculated values based on tabulated nuclear data [58].
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Figure 5.16: Measured neutron energy spectra at 0 degrees for a 3 MeV deuteron incident
onto a 3 mm thick BN target indicating four neutron energies that can be used for material
identification.
beam attenuated by each of the objects. Figure 5.17 shows the experimental results for
each of the materials, which are in good agreement to calculated values based on tab-
ulated nuclear data [58]. The transmission values are analytically calculated using the
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Figure 5.17: Measured neutron transmission at 4, 7.5, 11, and 14.5 MeV through (a) Al,
(b) Cu, (c) Sn, (d) W alloy, (e) Pb, and (f) Bi objects, compared to analytically-calculated
values.
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total macroscopic cross-sections and the measured thicknesses of the elements listed in
table 5.2 [59, 108, 109]. Natural isotopic fractions of the corresponding elements are as-
sumed.
For all remaining figures and tables in this chapter, natural isotopic fractions of the
corresponding element are assumed for each listed value of Z.
Using Equation 5.2, four R-values can be established, where each R-value is equal
to the ratio of attenuation of neutrons at different energy and 15.1-MeV photons. The
analytical calculation of the R-values assumes natural isotopic abundance for the pure-
elemental objects. Figures 5.18 through 5.21 show the experimentally measured R-values
compared to the analytically calculated values. The dashed lines in the figures do not
represent a function of Z, but a simple interpolation between points. As stated earlier,
neutron attenuation is nonuniform across the periodic table and is not a direct function
of atomic number.
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Figure 5.18: R1: the ratio of the natural log of the measured transmission (T) of 15.1
to 4 MeV neutrons compared to the ratio of the mass-attenuation coefficient to the
macroscopic cross section at those energies.
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Figure 5.19: R2: the ratio of the natural log of the measured transmission (T) of 15.1
to 7 MeV neutrons compared to the ratio of the mass-attenuation coefficient to the
macroscopic cross section at those energies.
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Figure 5.20: R3: the ratio of the natural log of the measured transmission (T) of 15.1
to 11 MeV neutrons compared to the ratio of the mass-attenuation coefficient to the
macroscopic cross section at those energies.
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Figure 5.21: R4: the ratio of the natural log of the measured transmission (T) of 15.1
to 14.5 MeV neutrons compared to the ratio of the mass-attenuation coefficient to the
macroscopic cross section at those energies.
Each of the calculated R-values are assumed to be normally (Gaussian) distributed,
where the mean and σ of each of the distributions are equal to the measured R-value and
its respective σ. Take, for example, the measured R1 for the Al object. The Gaussian
distribution for this R would have values of 0.362 and 0.08 for the mean and sigma, respec-
tively. Table 5.4 lists the means and uncertainties for each of the R-values. The calculated
Table 5.4: MeasuredR-values for all materials, whereR1 throughR4 is the ratio of µ/Σ for
the following energies: 15.1 MeV/4 MeV, 15.1 MeV/7.5 MeV, 15.1 MeV/11 MeV, and 15.1 MeV/14.5 MeV.
Elememt R1 R2 R3 R4
Al 0.36±0.08 0.58±0.16 0.49±0.12 0.62±0.16
Cu 0.89±0.07 0.81±0.18 1.02±0.122 1.2±0.16
Sn 2.0±0.07 2.15±0.15 2.06±0.11 2.06±0.15
W alloy 2.3±0.07 2.93±0.15 2.98±0.11 2.88±0.15
Pb 2.49±0.07 3.55±0.16 3.55±0.11 3.52±0.16
Bi 2.44±0.08 3.31±0.17 4.08±0.12 3.5±0.16
R-values are not continuous functions but are a series of discrete points. To determine
Z, from a measured R, interpolation between discrete points is required. The projection
of each of the R-values onto the horizontal axis gives a corresponding Z. Although the
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uncertainty in R is symmetric, the corresponding uncertainty in Z is asymmetric and
caused by the inconsistent variation of neutron attenuation across the periodic table.
To determine Z and its associated uncertainty from the discrete analytical R-values,
Monte Carlo sampling is employed. A value is randomly sampled from the normal dis-
tribution of a single R. From the sampled value, a range (0–25, 25–50, 50–75, or 75–100)
of Z is isolated. Then, Z is ascertained from the sampled R-value and a predetermined
linear fit in the isolated Z-range and histogrammed. The sampling is repeated N times
(N = 107). This Monte Carlo sampling is completed for each of the four R-values for
each of the materials. An example of the results of the Monte Carlo sampling for the
Z estimation of lead is shown in Fig. 5.22. A summary of the Z estimation for each of
the R-values for all materials is listed in table 5.5; across all R-values agreement to the
expected Z was within 3σ of the expected value.
Table 5.5: Estimation of element, denoted with its atomic number, for each Rn,γ.
Elememt True Z Z(R1) Z(R2) Z(R3) Z(R4)
Al 13 12.1±2.76 15.7±4.6 11.9±3.0 14.4±3.6
Cu 29 28.0±1.4 26.9±3.7 28.5±3.4 29.2±5.3
Sn 50 49.4±1.4 54.6±3.2 57.3±3.1 57.5±5.0
W alloy 64.7 63.5±3.8 68.7±3.4 70.8±2.1 70.6±3.2
Pb 82 81.8±1.7 88.3±7.8 67.5±5.9 80.9 ±3.7
Bi 83 80.6±1.8 76.6±8.3 94.7±6.1 79.4±3.9
If the material is pure, an accurate weighted average of the four estimated atomic
numbers can be calculated. The individual Z estimates are weighted with their corre-
sponding uncertainty in R (σRi), and the average Z is calculated using the following
equation:
Z =
4∑
n=1
σRiZi
4∑
n=1
σRi
. (5.3)
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Figure 5.22: Estimations for lead, indicated by Z, using (a) R1 (b) R2 (c) R3 (d) R4
(Gaussian fit shown in red) and (d) all estimations overlaid.
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The four Gaussian distributions corresponding to each of the R-values are sampled as
previously discussed. The average of the four Z -estimates is calculated using equation 5.3
and histogrammed. This process is repeated for 107 times. The average Z estimation
results for all materials are shown in Fig. 5.23 and demonstrate good agreement to the
expected values. All objects return Z-values within 2σ of the expected element’s atomic
number. Table 5.6 summarizes the average Z estimate, where Z corresponds to the
natural isotopic abundance of the element.
Table 5.6: Estimation of material, indicated by Z, using the weighted average of the four
dual-mode material-discrimination factors.
Material True Z Measured Z
Al 13 12.79±1.77
Cu 29 28.17±1.31
Sn 50 51.77±1.62
W alloy 64.6 66.53±2.21
Pb 82 79.82±1.89
Bi 83 83.16±1.94
Some of the preliminary metrics are constructed based on a mixed (dual-mode) probe
and show promise for improved material discrimination. Reconstruction of the elemental
composition for various materials using dual-mode transmission radiography is successful.
Figure 5.24 shows the calculated single- and dual-mode material discrimination metrics
(R).
The improved discrimination capability of the Rn,γ-values compared to the pure
gamma-ray ratio, Rγ, is qualitatively evident on Fig. 5.24. The total variation in the
dual-mode R-values across the periodic table from H to U, is a factor of three or greater
when compared to the single-mode Rγ. Table 5.7 lists the increase in variation for each of
the dual-mode Rn,γ-values compared to Rγ. In each case, the combined neutron-γ ratios
have a higher degree sensitivity compared to Rγ.
A closer examination of high-Z elements (Z>74) shows an order of magnitude im-
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Figure 5.23: Estimation of element, indicated by Z, using the weighted average of four
dual-mode R-values: (a) Al, (b) Cu, (c) Sn, (d) W-alloy, (e) Pb, and (f) Bi. Gaussian fit
shown with solid line (red).
Table 5.7: Increase in variation of Rn,γ over Rγ from hydrogen to uranium.
R-value (µ/Σ) factor
15.1 MeV/4 MeV 3.28
15.1 MeV/7.5 MeV 4.04
15.1 MeV/11 MeV 4.47
15.1 MeV/14.5 MeV 4.44
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Figure 5.24: Single- versus dual-mode R-values.
provement of discrimination capability of the Rn,γ-values compared to the pure gamma-
ray ratio, Rγ. Table 5.8 lists the increase in variation for each of the dual-mode Rn,γ-values
compared to Rγ measured from tungsten to uranium.
Table 5.8: Increase in variation of Rn,γ over Rγ for high-Z materials (tungsten to ura-
nium).
R-value (µ/Σ) factor
15.1 MeV/4 MeV 13.7
15.1 MeV/7.5 MeV 14.1
15.1 MeV/11 MeV 26.5
15.1 MeV/14.5 MeV 29.6
5.4 Summary
In previous work, fast-neutron (14.1 MeV) and gamma-ray (60Co) radiography are com-
bined to produce high resolution images [110]. The 60Co gamma-ray energies (1.17 and
1.33 MeV), however, are not highly penetrating through dense objects. When performing
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transmission radiography with any radiation, be it neutron or photon, there is an optimal
transmission arrangement that gives the best material identification in a fixed time.
Attenuation of monoenergetic photons increases as a function of Z. At the right com-
bination of thickness and density, any element can appear either opaque or transparent.
The range of attenuation which can be accurately measured increases by probing with
more neutron or photon energies. Further, due to the time-sensitive nature of certain
nuclear security and nonproliferation applications, by performing multiple simultaneous
measurements, shorter counting times are possible.
There is not one universal probe suited to neutron or photon radiography. There
are instances where one type of probe or specific energy is more suited than another.
This is evident in the in Table 5.9, where the estimated Z-values determined by the four
individual Rn,γ-values, as well as their weighted average are listed. Some of the individual
Table 5.9: Summary of material estimation, denoted with its atomic number, for each
Rn,γ.
Elememt True Z Z(R1) Z(R2) Z(R3) Z(R4) 〈R〉
Al 13 12.1±2.76 15.7±4.6 11.9±3.0 14.4±3.6 12.8±1.8
Cu 29 28.0±1.4 26.9±3.7 28.5±3.4 29.2±5.3 28.2±1.3
Sn 50 49.4±1.4 54.6±3.2 57.3±3.1 57.5±5.0 51.8±1.6
W alloy 64.6 63.5±3.8 68.7±3.4 70.8±2.1 70.6±3.2 66.5±2.2
Pb 82 81.8±1.7 88.3±7.8 67.5±5.9 80.9 ±3.7 79.8±1.9
Bi 83 80.6±1.8 76.6±8.3 94.7±6.1 79.4±3.9 82.2±1.9
R-values give a more accurate estimation of Z as compared to the 〈R〉. When element
identification is judged across all objects, 〈R〉 is superior in both precision and accuracy
for pure materials. 〈R〉 has a residual sum of squares (RSS) which is a factor of two
or more lower than any other R-value and a mean absolute error (MAE) which is the
lowest of all R metrics. Table 5.10 lists the RSS and MAE values for each of the R
discriminants. If, however, the material is a mixture, the 〈R〉 may be misleading to the
actual combination of the object.
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Table 5.10: RSS values for each of the R-factors.
R-value RSS MAE
R1 68.8 2.14
R2 120.3 5.2
R3 402.1 3.9
R4 72.9 4.1
〈R〉 32.4 1.8
Probing an object with multiple particles and energies provides a wealth of informa-
tion. Figure 5.26 and Fig. 5.25 show the calculated single-mode and dual-mode material
determination R-values and the calculated R-values for two shielded uranium scenarios.
The uranium (1.1-cm thick) is shielded with 10 cm of low density polyethylene (LDPE)
(Fig. 5.25) and then with 10 cm of iron (Fig. 5.26). For an object consisting of a single
element with natural isotopic abundance, all R-values would lie on (near) the same ver-
tical line. Any deviation from a vertical line indicates that the object does not consist
of a single element in natural isotope concentration, or that multiple layers of different
elements are present. In each of the shielded uranium cases, the R values indeed do not
fall on a vertical line. The spread in the R-values for the shielded uranium therefore suc-
cessfully provides an indication that the object does not consists of a pure element, but
is rather a mixture or multiple elements or layers of pure elements. This result could aid
in anomaly detection and indicate information about possible shielding in the AI beam’s
path. By using multiple metrics – multiple R-values – these combinations of materials
and shielding are easily discernible. As a natural extension of this method, it is possible
to form hypotheses of the composition of materials and thicknesses of shielded objects
and check for their consistency with multiple discriminants R, arriving with the best
interpretation.
The deuteron-BN source may offer advantages over the natural boron target used in
Refs.[31–33]. The additional gamma-ray energies of 10.8, 9.2, 8.3, 6.3, and 5.3 MeV,
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Figure 5.25: Single-mode versus dual-mode R-values and the R-values calculated uranium
shielded by 10 cm of LDPE.
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Figure 5.26: Single-mode versus dual-mode R-values and the R-values calculated uranium
shielded by 10 cm of iron.
provide more energies to probe a larger range of attenuation. Figure 5.27 shows the
analytically calculated ratio of attenuation coefficients for gamma-ray energies produced
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by the deuteron-BN source. Similar to the multiple dual R-values established, multiple
single-mode gamma-ray radiography attenuation ratios could be used to probe a broader
ranges of material-thickness compositions. One could imagine 92 different equations
based on particle attenuation, which would give one absolute material characterization.
This would be particularly useful when applied to composite objects, where the particle
beam passes through multiple different materials of varying thicknesses.
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Figure 5.27: Analytically calculated attenuation ratios based on tabulated nuclear data
for various photon pairs produced during deuteron-BN source.
By measuring the neutron TOF, the incident neutron energy spectrum can be de-
termined. If the neutron light output distribution contains sufficient features, unfolding
algorithms can be utilized to perform neutron spectroscopy without TOF. This would be
very advantageous to time-constrained applications by potentially reducing experimental
time. The EJ-309 detector may not be the ideal detector to use for neutron spectrum
unfolding. Detectors that deliver more prominent features in their respective light output
distributions such as deuterated liquids or solids[111–113] or capture-based detectors [114]
could result in improved neutron spectrum deconvolution.
99
Chapter 6
Fissionable material identification
Up to this point, two radiography methods have been discussed as a means to penetrate
different types of shielding and identify unknown materials. These approaches have their
limitations and are sensitive to varying combinations of material types and thicknesses,
but are adequate to detect the presence of high-Z materials such as SNM. The most
dependable signature of SNM in an AI system, however, is the emission of characteristic
neutrons and photons from induced fission with expected energy and time characteristics
and correlations. The existence of neutrons and gamma rays, however, does not necessar-
ily indicate the presence of SNM, since they may be produced by other energetic processes
in an AI system. In contrast, the time structure of neutrons and photons emitted from
induced fission provides a clear, unique indicator of SNM.
In this chapter, the measurement of the buildup and decay of the β-delayed neutron
rate during and following the pulsing of an AI source is presented as a method to con-
firm the presence of SNM. The technique can be used in conjunction with either single-
or dual-mode radiography as the final decision point to determine the presence of SNM.
Additionally, a new method is presented to categorize fissionable material by determining
the uranium enrichment. The method uses a custom-designed scintillation detector as
an alternative to 3He for β-delayed neutron detection and requires no calibration stan-
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dards. This method exploits the differences in yield and lifetimes of long-lived delayed
neutron groups to determine uranium enrichment. While the experiment used capture-
based neutron detectors and a compact neutron generator, the described technique is
independent of the detector type and AI source. This chapter includes edited portions
of the 2018 publication in the journal Physical Review Applied, Discriminating uranium
isotopes using the time-emission profiles of long-lived delayed neutrons [115].
6.1 Introduction
Fission neutrons are produced in two time domains, prompt and delayed. The observa-
tion of delayed neutrons from fission is a well-established means for detecting fissionable
materials [31, 116–119]. Decay of fission products results in emission of delayed neutrons
on a distinct, predictable characteristic decay timescale ranging from hundreds of mil-
liseconds to tens of seconds. An important drawback of the delayed neutron signature is
its low intensity, significantly below prompt neutron and γ-ray emission [42]. To estab-
lish the necessary signal time structure and increase the delayed neutron signal intensity,
pulsed AI sources are needed.
Characteristic β-delayed neutrons are commonly classified into several groups based
on their respective precursors’ lifetimes. These groups exhibit characteristic absolute
yields and energy spectra, unique to the isotope and the inducing particle’s type and
energy. Methods used to date have exploited the short-lived delayed neutron groups
to perform isotopic identification [117]. In other prior work, isotopic concentrations in
pure uranium and mixed Pu-U samples were determined through the measurement of the
decay of long-lived β-delayed neutron rate following irradiation [120–122]. When using
a pulsed AI source, measurement of the delayed neutron time emission during irradiation
is also possible, which we refer to as buildup, and provides complementary information
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regarding the interrogated material. Figure 6.1 illustrates the two delayed-neutron rate
signatures induced by a repetitively pulsed AI source.
AI pulse
delayed neutron rate
Time (s)
Figure 6.1: Depiction of the buildup and decay of the delayed neutron rate when using a
pulsed AI source.
However, to date measurement of the long-lived buildup of β-delayed neutron emis-
sion has not yet been used to determine the isotopic concentration of uranium or any
other mixed fissile material sample. Further, no other detector types other than 3He
have been used for fissile isotopic determination based on long-lived delayed neutron
emission. Additionally, with the dwindling supply of 3He [123] there is a significant in-
terest in developing alternative neutron detectors and understanding their performance
in nonproliferation applications.
In our prior work, we reported on the observation of β-delayed neutrons from fission
of uranium induced by a dual radiation AI source based on the 11B(d,nγ)12C stripping
reaction [118]. In those experiments, the characteristic buildup and decay of delayed
neutron emission from 238U was measured. A radiofrequency quadrupole accelerator
drove the source, producing a quasi-monoenergetic mixed neutron/gamma radiation. We
demonstrated the detection of fissionable material based on the measurement of delayed
neutron emission, which uses a method that may be also be suitable for reliable isotopic
identification. Figure 6.2 shows the delayed neutron buildup between the accelerator
pulses and its fit to nuclear data using the characteristic six delayed neutron groups. The
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subsequent β-delayed neutron decay following accelerator operation is shown in Fig. 6.17.
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Figure 6.2: Delayed neutron buildup between accelerator pulses with fit to nuclear data
shown in red [118].
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Figure 6.3: Delayed neutron decay after 300 seconds of accelerator operation with fit to
nuclear data shown in red [118].
This chapter extends those measurements to HEU, with a goal to demonstrate a capability
103
to also measure the isotopic composition of the material from the differences in the shape
of the delayed neutron time-emission profile.
6.2 Materials and methods
The experiment was performed over a two-day period at the Device Assembly Facility
(DAF), Nevada National Security Site. Measurements were performed on three different
spherical metal objects: tungsten, DU, and HEU. The object masses were 14.7 kg, 12.8 kg,
and 13.8 kg, respectively. Due to constraints on the available materials and possible
geometric configurations, it was not possible to use the same masses for all test objects.
The HEU object was a series of connecting concentric hemispheres of HEU known as
the Rocky Flats shells, which have a bulk density of 18.664 g/cm3 and an isotopic content
of 93.16% 235U, 5.35% 238U, and less than 2% of other isotopes of uranium [124]. The
HEU object consisted of shells 01–24 arranged in a spherical configuration. A photograph
of the HEU object is shown in Fig. 6.4.
The HEU, DU, and tungsten objects were interrogated with 14.1-MeV neutrons pro-
duced by a DT generator (Thermo Scientific model P211), with an approximate isotropic
yield of 108 neutrons/s. Each object was placed at a distance of 13 cm, as measured
from the center of the object to the neutron-generating target in the DT generator. The
detector was placed on the side of the object opposite from the neutron source. The front
face of the detector was located 12 cm from the center of the object. The DT generator
was operated at a pulse rate of 100 Hz for all measurements with a beam-bunch width of
approximately 10 µs.
The detector used in these measurements was the custom-built heterogeneous compos-
ite scintillator described in Chapter 2. The detector is solid-state which is often preferred
over liquid or gaseous detectors. The intrinsic efficiency was calculated by Monte Carlo
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(a) (b)
Figure 6.4: (a) The interconnecting hemispheres and (b) full spherical configuration of
the HEU object constructed from the Rocky Flats shells placed atop an aluminum hollow
cylinder.
simulation for delayed neutrons from 235U and 238U fission, similar to method described
in Ref. [118], and yielded approximately 15% for each isotope. Additionally, the detector
has a simulated intrinsic efficiency of 7.8% for 252Cf fission neutrons.
Based on Monte Carlo simulation, the composite scintillator discussed here has a
higher intrinsic efficiency for fission neutrons from 252Cf at 8% versus 6%, a typical
value for a 3He detector [125]. Additionally, the detector has approximately double the
intrinsic efficiency for delayed neutrons from the fast fission of 235U and 238U compared
to a traditional 3He detector.
Another benefit of the detector used in this work compared to 3He is the average
time it takes for a neutron to capture in the detector. In a 3He detector, the innermost
volume containing the 3He gas is typically surrounded by hydrogenous material that
thermalizes incident neutrons, resulting in certain distribution of neutron time-to-capture
on 3He. When measuring the delayed neutron buildup from fission, such as in the AI
experiment described in this chapter, an ideal detector would have the shortest average
time-to-capture. The time-to-capture dictates the maximum operating repetition rate
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of the AI source. An increase of the repetition rate typically results in a higher overall
induced fission rate and thus a stronger delayed neutron signature. Figure 6.5 shows the
Monte Carlo simulation of the neutron time-to-capture distribution for fission neutrons
from a 252Cf source for the composite detector and the 3He capture detector described
in Ref. [126]. The average time-to-capture is 22 and 12 µs for the 3He detector and
composite detector, respectively. An AI system designed to detect long-lived delayed
neutrons using the composite detector would permit a higher repetition rate AI source
in comparison to a system that employs traditional 3He detectors.
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Figure 6.5: Monte Carlo Simulation of the time-to-capture for the 12.7 cm composite
neutron detector (5 in. rods) and a 3He capture detector.
The composite detector was coupled to a Hamamatsu R6527 photomultiplier tube
(PMT) and powered using a CAEN DT5533 high-voltage power supply. The PMT anode
output signals were collected and digitized using a CAEN DT5730 14-bit 500 MHz desktop
waveform digitizer. CAEN’s DPP PSD Control Software and DPP PSD firmware were
used to collect and store data on a computer for post-processing [96]. A short-gate
integral (Qshort) and a long-gate integral (Qlong) are recorded for each waveform as the
basis for pulse-shape discrimination. The integration bounds were optimized prior to the
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experiment at ts=34 ns for Qshort and ts=150 ns for Qlong, where ts is the start time of
the waveform as identified by the trigger from CAEN DPP PSD firmware. The ts was
offset by 6 ns prior to the trigger on the leading edge of the pulse. Figure 6.6 shows
a typical pulse shape from a neutron-capture event on 6Li-glass and an event occurring
in the PVT of the composite scintillation detector. The two distinct pulse shapes are
readily visible and easily distinguished.
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Figure 6.6: Representative pulse shapes from a neutron-capture event on 6Li-glass and
an event occurring in the PVT of the composite scintillation detector.
To measure the delayed neutron time profile for each object, detector data were
recorded during a series of on-off cycles of the neutron generator. In each cycle, the gen-
erator was turned on for 30 seconds, then turned off for one minute. One measurement
run consisted of ten on-off cycles, lasting about 15 minutes in total. Three such measure-
ments were taken for both the HEU and DU targets, and one was taken for tungsten.
The on-off cycles were summed for final analysis. Two five-minute background measure-
ments were also recorded, one with the HEU target in place, and the other with the DU
target. Calibration measurements were performed using 137Cs and Am-Be sources. A
photograph of the experimental setup is shown in Fig. 6.7.
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Figure 6.7: Experimental setup including the composite detector coupled to the PMT,
the HEU object, and the DT generator.
6.3 Results & Discussion
Figure 6.8 shows the PSP -light output distribution for 15 minutes of on/off cycles of
the DT generator interrogating a HEU object. The charge integration method is used to
obtain the pulse-shape parameter (PSP ) as follows:
PSP = (Qlong −Qshort)/Qlong. (6.1)
Neutron capture events are localized near PSP=0.55 and light output of approximately
0.28 MeVee. A calibration measurement using a Pu-Be source are used to establish a
cut around the neutron-capture region, where events within the cut were accepted as
neutrons. A Gaussian function is fit in both dimensions to the neutron region centered at
a PSP of 0.55 and light output of 0.28 MeVee in Fig. 6.8, and a 3σ cut used to establish
the neutron capture region.
Two different long-lived β-delayed neutron signatures were measured. The first was
the buildup of delayed neutron emission measured between the generator pulses; the
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Figure 6.8: PSP versus light output from the composite detector for the HEU object
interrogated by 14.1 MeV neutrons.
second was the decay of the delayed neutron emission measured immediately after the
generator had been turned off. The time profile of these two delayed neutron signatures
is parametrizable in analytic form using the available nuclear data and depends on the
enrichment of the uranium sample. The buildup of delayed neutron emission is described
in the framework of six delayed neutron groups by
Rb(t) = B + C
2∑
i=1
6∑
j=1
fiPiYi,ji,j [1− exp(−t/τi,j)] , (6.2)
where Rd(t) is the detected buildup of delayed neutron emission, B is the constant neutron
background rate, C is a scaling constant, index i corresponds to the uranium isotope (235U
or 238U), index j represents the delayed neutron group number, fi is the 14-MeV neutron-
induced fission probability of uranium isotope i, Pi is the isotopic percentage of uranium
isotope i, i,j is the detector efficiency for delayed neutron group j of uranium isotope i,
τi,j is the decay constant for delayed neutron group j of uranium isotope i, and Yi,j is the
delayed neutron yield per fission for group j of uranium isotope i. Similarly, the decay
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Table 6.1: 235U delayed neutron parameters.
Group Y (%) C T1/2 (s)
1 0.063 0.163 54.5
2 0.351 0.151 21.8
3 0.310 0.150 6.00
4 0.672 0.149 2.23
5 0.211 0.149 0.496
6 0.043 0.148 0.179
of delayed neutron emission can be expressed as
Rd(t) = B + C
2∑
i=1
6∑
j=1
fiPiYi,ji,j
[exp(tb/τi,j)− 1] exp(−t/τi,j),
(6.3)
where tb is the period over which the constant-intensity AI beam is turned on [118].
A Monte Carlo simulation was performed using Geant4 version 10.4 to estimate the
intrinsic delayed neutron detection efficiency for the composite detector [70]. The energy
spectra for the individual groups for 235U and 238U were simulated and intrinsic neutron
detection efficiencies calculated on a group-by-group basis. Prior reported energy spec-
tra for the six delayed neutron groups of 235U and 238U in Ref. [127] were used in the
simulation.
The yields (Y ), efficiencies (C), and the half-lives (T1/2) for the six delayed neutron
groups are listed in Table 6.1 and Table 6.2 for 235U and 238U, respectively [128]. These
efficiencies were used in the parameterizations of the buildup and decay delayed-neutron
rate.
MCNP was used to simulate the build up and decay of the delayed-neutron rate from
neutron-induced fission of 235U and 238U to validate the parameters used in Equations (6.2)
and (6.3). An isotropic 14.1-MeV neutron source of 108 neutrons per second was evenly
distributed over 10 µs. A series of connecting concentric hemispheres of uranium with
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Table 6.2: 238U delayed neutron parameters.
Group Y (%) C T1/2 (s)
1 0.054 0.163 52.4
2 0.564 0.148 21.6
3 0.667 0.153 5.00
4 1.599 0.151 1.93
5 0.927 0.151 0.490
6 0.309 0.150 0.172
a geometric dimensions equal to that of the HEU object used in the experiment served
as the interrogated objects. A simulation of a pure 235U object and then a pure 238U
object was conducted. The neutrons leaving the uranium sphere after 11 µs were then
tallied. The time offset ensured that only delayed neutrons were counted. The 11 µs was
selected based on the observed neutron die-away in the simulation. The results from the
simulation are shown in Fig. 6.9.
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Figure 6.9: MCNP result of tallied neutron counts after 11 µs resulting from an isotropic
14.1-MeV neutron source of 108 neutrons per second was evenly distributed over 10 µs
bombarding pure 235U concentric hemispheres.
To build the model for 30 s of irradiation, the time distribution was from Fig. 6.9 is
assumed to be produced at every second for 30 s and added. Figure 6.10 displays a visual
aide as to how the full neutron time distribution was calculated. Figure 6.11 shows the
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Figure 6.10: Visual aide to demonstrate the calculation of the full neutron time distri-
bution during 30-s, 14.1-MeV neutron irradiation and following irradiation. The purple
line is the neutron rate from the MCNP simulation in Fig. 6.9 and the black line is neutron
time distribution by adding the individual neutron time distribution in increments of 1
second.
simulated delayed neutron buildup and decay for 30 s of 14.1 MeV neutron irradiation of
235U and 238U.
Equations (6.2) and (6.3) provide an analytical means to explore the enrichment-
dependent time behavior of the two delayed neutron signatures. Figure 6.12 shows the
simulated buildup and decay time emission of delayed neutrons for a pure sample of 235U
and a pure sample of 238U with tb = 30 s. A qualitative inspection of Figure 6.12 reveals
an exploitable difference between the shapes of the two pure samples of uranium for both
the delayed neutron buildup and decay time distributions.
A simple metric can be defined on the basis of the difference in the delayed neutron
emission profile for 235U and 238U and used to quantify the enrichment. The metric
is based on the ratio of the total number of detected neutrons in two separate time
periods over which the delayed neutron emission is measured and may be applied to both
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Figure 6.11: Simulated full time distribution of delayed neutrons during 30 s 14.1-MeV
neutron irradiation and following irradiaiton for (a) for a pure 235U sample (red) and
(b) a pure 238U sample (blue). The black line is not a fit to simulated data but is the
analytically calculated rate based on equations (6.2) and (6.3).
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Figure 6.12: Analytically-calculated long-lived (a) buildup and (b) decay of delayed neu-
trons for a pure 235U sample and a pure 238U sample.
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the buildup and the decay time distribution. The metric is denoted by F and can be
calculated using the following relationship:
F = N1/N2, (6.4)
where N1 and N2 are the total number of counts within two chosen time periods, A1
and A2, as illustrated in the example shown in Fig. 6.13, where decay time profiles for
pure samples of 235U and 238U immediately after the neutron generator is turned off are
shown. The same methodology is applicable to the buildup of long-lived delayed neutron
emission.
Time [seconds]
0 5 10 15 20 25 30
N
or
m
al
iz
ed
 N
eu
tro
n 
Ra
te
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
A2
A1
U235
U238
Figure 6.13: The use of A1 and A2 limits for calculation of the ratio F . Long-lived delayed
neutron decay from neutron induced fission after accelerator operation for pure samples
of 235U and 238U is shown.
A measure of distinguishability, D, can be defined that takes into account the mean
values of the detected neutron counts in two time periods (F ) and their standard devia-
tions (σ):
D =
|F235 − F238|
σ235 + σ238
, (6.5)
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where F is defined by Eq. (6.4) and σ is the standard deviation of F , while subscripts
denote the two major isotopes of U. Since D depends not only on the characteristics of
delayed neutron emission, but also on the counting statistics, the optimum start and stop
times for A1 and A2 depend on the number of detected neutron counts, which is affected
by system efficiency and measurement time.
Figure 6.14 shows the buildup of delayed neutrons between accelerator pulses for HEU
and DU. The six-group delayed neutron buildup model defined in Equation (6.2) is fitted
to the measured buildup data for each isotope, and is shown as a red line in Figure 6.14.
The period during which neutrons were produced by the DT generator was determined
from the event rate recorded by the detector. The total event rate was monitored in 10-µs
increments. When the total number of events in a 10-µs increment increased above twenty,
the start of a new neutron generator pulse was marked. The twenty-event threshold was
set empirically, based on the average number of counts observed in 10-µs increments
when the generator was operating. The 10-µs increment was chosen to match the pulse
duration of the generator.
To allow for neutron die-away, events occurring within 4.5 ms following a generator
pulse were disregarded. The neutron events occurring in the remaining 5.5 ms preceding
the next generator pulse were used to measure the delayed neutron buildup. Figure 6.15
shows the summed neutron rate for approximately fifteen minutes of generator operation
with a HEU test object. The neutron die-away is apparent in the approximate period
of 0–4.5 ms. Figure 6.16 illustrates the period between generator pulses within which
neutron events were selected to measure the delayed neutron buildup and the prompt
die-away region, where events were rejected.
Figure 6.17 shows the decay of delayed neutrons after the accelerator is turned off for
HEU and DU. The six-group delayed neutron decay model defined in Eq. (6.3) is fitted
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Figure 6.14: β-delayed neutrons detected between AI pulses for (a) HEU and (b) DU
when the beam is turned on (t = 0). The fit to the model in Eq. (6.2) is shown in red.
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Figure 6.15: Summed neutron rate determined from approximately 15 minutes of DT
generator operation.
to the measured decay data for each isotope, and similarly shown in Fig. 6.17. Higher
delayed neutron count rates are observed for HEU in both the buildup and decay time
distributions. This is expected due to the greater HEU object mass and higher delayed
neutron microscopic fission cross-section of the HEU sample for 14.1 MeV neutrons.
In addition to HEU and DU objects, a tungsten object was also measured. The
neutron buildup and decay rates were measured in the same manner as for the uranium
objects and are shown in Fig. 6.18. As expected, there was no appreciable neutron rate
observed in either the buildup or decay time periods.
An optimization of D was performed for the measured delayed-neutron buildup and
decay rates. The start and stop times for A1 were fixed to 0 and 25 s for the buildup
time distribution and 0 and 30 s for the decay-time distribution. The value of D for
all combinations of the start and stop times of A2 was then calculated. Figure 6.19
shows a 2D histogram of different start and stop times for A2 and the resulting D for
the buildup of delayed neutrons. The maximum value of D in Fig. 6.19 represents the
greatest degree of differentiability between 235U and 238U. A start time of 0 s and a stop
time of 4 s corresponding to the maximum value of D was selected for A2 for the buildup
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Figure 6.16: Graphical representation of the prompt die-away and delayed region for
neutron event selection.
of delayed neutrons. Similarly, an optimization of D for the decay of delayed neutrons
was performed, resulting in an A2 start time of 0 s and stop time of 3 s.
The F values for the buildup and decay are unique for a given enrichment. Using the
optimized limits of A2 for both the buildup and decay of delayed neutrons, experimental
F values were calculated for the HEU and DU samples. The experimental results are
shown in Fig. 6.20 along with the simulated F values for the buildup and decay of delayed
neutrons for enrichment levels ranging from 0 to 100%.
The F values calculated from the experimental results are used to establish a range
of enrichment for the interrogated object. Table 6.3 shows the calculated range of en-
richment based on the measurement. The uncertainty in the calculated enrichment is
smaller for the HEU sample due to its higher neutron rates. Even with the relatively low
statistics available in this experiment in which the detector subtended only a small solid
angle, important conclusions can be quickly drawn about the interrogated objects. First,
the presence of HEU can be confirmed by measuring either the buildup or the decay
neutron emission rate. The enrichment of the DU object had an upper bound of 25%,
which is well below weapons-grade HEU levels. Finally, the control tungsten object was
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Figure 6.17: β-delayed neutrons observed after AI beam is turned off (tb = 30 s) for
(a) HEU and (b) DU. The fit to model in Eq. (6.3) is shown in red.
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Figure 6.18: Detected neutron rate observed (a) between AI pulses, with the generator
turned on (t = 0) and (b) after the generator has been turned off (t = 0) for the tungsten
object.
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Figure 6.19: Optimization of D based on varying start and stop times of area A2 for the
buildup of delayed neutrons.
Table 6.3: Uranium enrichment 1σ range inferred from the experiment and comparison
with the actual enrichment.
Sample Actual Buildup Decay Combined
HEU 93.2% 92.7+7.3−3.3% 100
+0
−14% 96.3
+3.7
−7.1%
DU 0.7% 0+35−0 % 7
+28
−7 % 3.5
+21.3
−3.5 %
confirmed not to contain appreciable quantity of fissionable material. Accuracy of these
measurements could be greatly improved with longer counting times and larger detector
coverage area.
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Figure 6.20: Simulated and measured F values for the (a) buildup and (b) decay of
delayed neutrons for varying levels of enrichment.
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6.4 Summary
A technique was demonstrated that can be used to verify the presence of SNM. Further,
a method to determine uranium enrichment using both the delayed neutron buildup or
the decay time emission profile was presented. The shape of the delayed neutron time
profile, and thus the enrichment metric used, are not expected to be sensitive to shielding
and self-shielding , as is the case with the alternative method that employs the intensities
of characteristic gamma rays. With greater detector coverage and longer counting times,
this technique could prove to be a powerful tool for uranium enrichment determination
in various nonproliferation applications. By employing capture-gated composite scintilla-
tion detectors similar to the one employed in this proof-of-concept study, large coverage
could be realized at a cost that is low to moderate and employs no 3He detectors. Mea-
suring enrichment values over the full range of enrichment would further validate the
performance of this technique, which is one of the future experimental goals.
124
Chapter 7
Conclusions and future work
7.1 Summary and conclusions
The ever-changing nuclear nonproliferation and security climate calls for new, innova-
tive approaches to detect and characterize nuclear materials. These applications range
from spent nuclear fuel characterization to screening cargo containers for shielded SNM.
The key components – radiography and the induced fission signature – of AI systems
are well-suited to penetrate dense shielding and increase fission signatures to detectable
levels. In this work a non-traditional AI system has been demonstrated that utilizes dual-
mode multiple-energy transmission radiography to readily distinguish high-Z materials.
The AI source consists of MeV neutrons and gamma rays, which provide complementary
information. Neutrons are more easily shielded by low-Z materials, whereas high-Z ma-
terials more easily shield photons. The difference in these interaction properties means
dual-mode AI systems provide broader probing capability as compared to single-mode
systems. Further, this work uses multiple neutron energies, thereby increasing the range
of attenuation that can accurately be measured compared to a pure gamma-ray attenu-
ation metric.
To enable high-energy photon spectroscopy, a versatile calibration method was devel-
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oped, which can be readily applied to any organic scintillator. The method uses many
features in the light output spectrum to establish an accurate calibration. By examin-
ing how the light output distribution changes as a function of photon energy, prominent
features were identified in the light output spectra of an organic scintillator never before
used for energy calibration. The method offers a more accurate calibration compared to
other traditional organic scintillator calibration methods. This technique provides scien-
tists with an easy method to enable photon spectroscopy for organic scintillators over a
much broader energy range.
Material identification using dual-energy photon transmission radiography was per-
formed by measuring two characteristic gamma-ray energies with a liquid scintillation
detector from the natB(d,nγ)12C reaction. Although this technique is well suited to de-
termine moderate differences in atomic number, material discrimination becomes chal-
lenging among high-Z materials or for very small differences atomic number, where the
ratio of mass attenuation coefficients displays slight variation for small differences in
atomic number.
For the first time, a low-energy nuclear reaction based AI source was used to per-
form dual-mode multiple-energy transmission radiography. This dissertation also demon-
strated the first use of liquid scintillators to simultaneously perform spectroscopic photon
and neutron transmission radiography with a single type of detector. Additionally, this
was the first experiment to explore the feasibility of a deuteron-BN source for use in an
AI system.
A less-exploited transmission radiography technique combining neutron and photon
transmission was explored utilizing a deuteron-BN AI source. It has been shown that
by using different particles’ experimentally measured transmission, a higher sensitivity
to changes in elemental composition is achieved across the periodic table. Four prelim-
inary metrics were developed based on neutron and gamma-ray transmission and show
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promise for improved material discrimination. Reconstruction of the elemental composi-
tion for various materials using combined neutron-photon transmission radiography was
successful. A dual-particle, multi-energy radiography technique was demonstrated for the
first time based on the deuteron-BN source. This work was the first demonstration of a
single-detector type and single-source AI technique.
Next, a method was established that can be used to confirm the presence of fissile
material and quantify uranium enrichment. This new technique uses both the buildup
and decay of β-delayed neutron emission profile as a means to determine enrichment.
The shape of the delayed neutron time profile, and thus the enrichment metric used, is
not expected to be sensitive to shielding or self-shielding. This is in contrast with the
alternative method based on the intensities of characteristic gamma rays. With greater
detector coverage and longer counting times, this technique could prove to be a powerful
tool for uranium enrichment determination in various nonproliferation applications. The
method may also be adaptive to detection of plutonium. By employing capture-gated
composite scintillation detectors like the one used in this proof-of-concept study, large
coverage could be realized at a cost that is low to moderate and employs no 3He detectors.
A complete material characterization system would include the dual-radiation AI source,
particle transmission detectors and delayed-neutron detectors. Although capture-based
detectors were used here to detect delayed neutrons, a liquid scintillator could be used
as well. As such, a system could be envisioned which measures all signals with only one
type of detector. Such a system would likely be more scalable and less complicated than
a system which uses various detector types.
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7.2 Future work
In the work presented in this thesis as well as prior work using the natB(d,nγ)12C reac-
tion for AI [31, 32], large accelerators were used to generate probing radiation. Atomic
numbers of various objects are inferred by dual-energy photon radiography or by dual-
radiation multi-energy radiography. Other work using using dual-energy transmission
radiography combined the use of a small, compact neutron generator and a radioisotope
gamma-ray source [110]. In the case of the combined neutron/gamma-ray AI source, the
system was able to produce highly resolved radiographic images of air freight containers.
The gamma-ray energy was less penetrating than the work conducted in Refs. [31, 32],
but had a small overall footprint. The lesser degree of penetration by the AI source could
be a limitation in the presence of heavy shielding. In Refs. [31, 32] and in this work,
more penetrating AI radiation was available but came at the cost of increased size of
the system. Although other AI sources such as superconducting cyclotrons have been
suggested, their effective use still needs to be demonstrated in this context. Further,
despite the development of an advanced SNM AI detection system capable of producing
3D images of cargo and verifying the presence of fissionable material by detecting prompt
neutrons from photofission [129], the required scanning times are still well above what is
needed to achieve 100% clearance.
The problem of quickly detecting shielded SNM in the presence of heavy shielding
remains without a fully proven solution. Many nuclear reactions and combinations of
penetrating radiation sources still have yet to be explored as potential AI sources. Fur-
ther exploration of combining low-energy nuclear reactions and radioisotope sources is
still needed to detect shielded SNM. AI sources that combine multiple signatures could
be used to accurately identify the atomic number of unknown material. There is still no
existing system that meets all radiation dose and time requirements. More work concen-
trating on effectively combining signals from radiography and fission is still needed. In
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addition, approaches for combining information using reduction techniques such as prin-
cipal component analysis and machine learning should be investigated for implementation
into the AI/detector system.
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